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Sintering techniques can be manipulated to enhance densification in difficult to sinter 
materials and to produce property enhancing microstructures. However, the interplay 
between materials, sintering techniques, and end properties is not fully understood in 
many material systems, and some fundamental aspects of sintering such as the nature of 
the effects of electric fields remains unknown. The processing property relationships 
were examined in two classes of materials; zirconium diboride ultra high temperature 
ceramic composites, and all solid lithium-ion battery phosphate materials. 
Investigation of zirconium diboride ceramics focused on the effects of zirconium 
carbide as a secondary or tertiary phase in ZrB2 and ZrB2 – SiC. Addition of zirconium 
carbide was observed to increase flexural strength of composites up to 590MPa at 50wt% 
ZrC, significantly higher than the flexural strength of 380MPa observed in similarly 
prepared ZrB2 – SiC. This difference was attributed to the absence of CTE mismatch 
induced residual stresses in the ZrB2 – ZrC composites. A high temperature reaction 
between ZrB2 and TiC producing Zr1-xTixB2 – ZrC composites was discovered and found 
to enhance densification while reducing the average grain size to as small as 1.4μm, 
xviii 
 
lower than the starting powder size of 1.8μm. While a high flexural strength of 670MPa 
was observed, a strength dependence on the ZrC grain size indicative of CTE mismatch 
residual stresses was also seen. Finally, the oxidation and ablation resistance of ZrB2 – 
ZrC – SiC composites as a function of ZrC fraction and ZrC:SiC ratio was investigated. 
Above 5vol% ZrC, the oxidation and ablation resistance of the composites was 
significantly reduced due to ZrC oxidation, regardless of SiC content. While ZrC can 
significantly enhance the mechanical properties of the composite, the volume fraction 
must be kept low to avoid an undesirable reduction in the oxidation resistance. 
The influence of applied electrical fields during sintering on microstructure and 
electronic properties of lithium aluminum titanium phosphate (LATP) electrolyte 
material was investigated by sintering LATP pellets under DC voltages of 0V, 2V, 10V, 
and 20V. Application of a DC voltage increased relative density from 86% to a maximum 
of 95.5%. However, unlike reports on other material systems such as zirconia, a high DC 
voltage induced, rather than restrained, abnormal grain growth. Conductivity decreased 
with applied voltage from 4.8·10-4 S/cm at 0V to 1.3·10-4 S/cm at 20V, which was 
attributed to the high faceting and poor grain-to-grain contact of the grains sintered under 
10V and 20V. This indicates that field-assisted sintering techniques may actually be 
detrimental to solid state battery materials, and that the field effects are significantly 





CHAPTER 1. INTRODUCTION 
1.1 Sintering 
Sintering encompasses a wide range of techniques that utilize high temperatures to 
densify a powder into a solid, polycrystalline part. Conventionally, the primary goal of 
sintering is to achieve this with minimal effort while optimizing critical physical and 
mechanical properties. Ceramic sintering occurs through mass transport driven by the 
minimization of surface energy through several transport routes summarized in Table 1.1. 
These transport routes can be densifying mechanisms, which reduce porosity and voids, 
and coarsening mechanisms which grow grains without reducing porosity. Densifying 
mechanism include lattice diffusion from the grain boundary, grain boundary diffusion, 
and plastic deformation, while coarsening mechanisms include surface diffusion, 
evaporation – condensation, and lattice diffusion from the surface.1 The temperature and 
rate at which these mechanisms act is unique to every material, but they typically become 
significant at temperatures above 0.5Tm. Manipulation of the sintering process usually 
aims to enhance the densifying mass transport mechanisms in order to completely 





Table 1.1: Mass transport routes in ceramic sintering.1 





Grain Boundary Diffusion 
Plastic Deformation 
Surface to Neck 
Surface to Neck 
Surface to Neck 
Bulk to Neck 
Grain Boundary to Neck 
Dislocation to Neck 
 
Control over the sintering mechanisms, and thus the final microstructure, is desirable 
for high performance applications or for materials that are difficult to sinter to full density. 
For such materials and applications, more complex techniques than a simple high 
temperature soak of the base powder are often necessary to obtain the desired properties.1  
These techniques can be broadly categorized into two separate fields: internal 
mechanisms altering the physical properties of the powder, and externally applied 
environmental mechanisms that alter the sintering kinetics. The following introduction 
contains a background and overview of the sintering techniques and material systems 
utilized in this document. 
 
1.1.1 Sintering Aids 
Grain boundary chemistry can have a significant influence on the sintering 
mechanisms. Foreign contaminants on the grain boundary such as passivation layers or 
impurities can alter the grain boundary mobility, surface energies, and atomic 
diffusivities to enhance or retard densifying and/or coarsening mechanisms. Such effects 




which accumulates at particle interfaces (i.e. grain boundaries) and alters their chemistry. 
When used this way, such materials are colloquially termed sintering aids.  
The classic example of this is the case of MgO as a sintering aid in Al2O3.1 Attempts 
to fully densify polycrystalline alumina failed due to its high grain growth, which resulted 
in pores detaching from the grain boundaries and remaining trapped within the grains. 
Absent grain boundary diffusion, lattice diffusion was too slow to eliminate this 
“enclosed porosity” (Figure 1.1 (a)). Introduction of ~5wt% MgO to the green Al2O3 
powder resulted in fully dense microstructures with no abnormal grain growth (Figure 1.1 
(b)). Subsequent research found that this was due to a combination of several 
mechanisms: 1) Magnesia segregating to the grain boundaries and reducing their mobility 
by solution-drag, preventing porosity from becoming enclosed within the grains. 2) 
Altering the pore and grain boundary surface energies to lower the dihedral angle, 
causing a greater area of the grain boundary to be intersected by the pore. 3) Increasing 
the rate of densifying lattice diffusion. 4) Increasing pore mobility by surface diffusion 
preventing pore detachment. Similar methods are used in a variety of systems to alter 
grain boundary mobility to enhance densification, or in certain cases to encourage 









Figure 1.1: Sintered alumina (a) without additives exhibiting enclosed porosity, (b) with 
MgO sintering aids demonstrating the effect on microstructure.3 
 
The grain boundary mobility can also be reduced by incorporation of dispersed 
particles of an insoluble secondary phase into the green powder. These particles exert a 
drag force on the grain boundary mobility when intersecting a grain boundary, modeled 
by the Zener Model.2 The maximum drag force is given by: 




Practically, as the drag force is inversely proportional to the particle radius r, this means 
that addition of an insoluble secondary phase can restrain grain growth, thus enhancing 
densification by maintaining the specific surface area dependent driving force for 
sintering maximized at lower grain sizes, and by avoiding pore detachment from fast 
grain growth. The smaller the secondary phase particle size, the greater the effect, until 
the drag force equals the force for grain growth, and consequently none occurs.1,2 
 
1.1.2 Reaction Sintering 
Reaction sintering encompasses a range of techniques which involve a chemical 
reaction between precursor materials during sintering that produces the desired final 
phase(s). Reaction sintering can combine the ceramic synthesis process used to produce 
the ceramic powder with the sintering step.4,5 Aside from the economic benefit of 
reducing the number of processing steps required, reaction sintering can have advantages 
or drawbacks depending on the material system and process used. Generally, the reaction 
and sintering mechanisms can be treated as two entirely separate processes. The rate at 
which they occur depends on the relative energetics and kinetics of the reaction and 
densification for the materials; the reaction can occur at lower or higher temperatures 
than densification, or overlap and occur simultaneously. The effect of the reaction on 
densification typically depends on its effect on the powder microstructure. Most chemical 
reactions involve changes in volume of the material which can increase porosity and 
prove detrimental to densification. To minimize these effects it is generally desirable for 
the reaction to occur before densification, and to enhance particle rearrangement by 




extremely energetic, it can create a self-propagating ignition which is uncontrollable by 
nature and produces detrimental microstructure anomalies such as voids or abnormal 
grains.6 However, in other cases the reaction can serve to refine the microstructure to a 
smaller particle size or eliminate or avoid impurities such as surface oxides or 
contaminants from milling media incorporated during conventional powder processing 
methods, enhancing densification. Additionally, in some instances it can produce 
particles with a unique morphology beneficial to the final properties.7 Due to the large 
number of possible reactions between materials over the range of sintering temperatures 
there are numerous opportunities to study reaction sintering, but because of their different 
characteristics it is necessary to approach each system on a case by case basis to ascertain 
its potential utility. 
 
1.1.3 Hot Pressing 
Application of a mechanical pressure to a powder compact can significantly enhance 
densification. In the idealized necked spherical two-particle model under compression 
(Figure 1.2), the pressure at the interface is given by: 
                                                    (1.2) 
This term adds to the driving forces for mass transport, and for the main densifying 
mechanism of grain boundary diffusion modifies the linear shrinkage equation from: 
                                                 (1.4) 
To: 





For typical particle sizes and pressing pressures of ~50MPa, this can lead to an order of 
magnitude increase in the driving force for grain boundary densification.1 A hot press is a 
combination furnace and uniaxial die press shown in Figure 1.3. During operation the 
powder compact is placed in the die, and pressure applied and maintained at some point 
during the temperature cycle.  
 
 






Figure 1.3: Schematic of a generic hot press system. 
 
Due to the aforementioned effect on densification, hot pressing can fully densify 
materials that would otherwise have significant porosity and/or grain growth. Hot 
pressing has been used to obtain densities and grain sizes not possible with conventional 
pressureless sintering in numerous systems such as barium zirconates, refractory carbides, 
oxides, and nitrides.8 However, due to the constraints of the axial die, complex shapes 





1.1.4 Field-Assisted Sintering 
Aside from mechanical force, an electrical force can be applied during sintering by 
imposing a voltage and current across the sample. Such techniques will be referred to in 
this document with the blanket term Field-Assisted Sintering (FAST). Initial 
investigation of FAST techniques focused on using the current to heat the sample via 
resistive heating directly through the sample rather than external heating elements.9 These 
experiments noted an increase in sinterability and lower sintering temperatures for 
metallic powders compared to conventional methods, which they attributed to electric 
discharges between particles stripping surface oxides and exposing more sinterable pure 
metallic surfaces. Since then, there has been a substantial volume of research on the use 
of FAST in various configurations on a wide range of materials, reviewed in detail by 
Orrù et al. in 2009.10 
 
1.1.4.1 Spark Plasma Sintering 
The most common FAST design is a modified hot press shown in Figure 1.4. Like a 
hot press, the powder is inserted between two rams in a graphite die and heated via 
resistive heating, typically with a low voltage, high amperage pulsed DC voltage applied 
across the die assembly. This setup is colloquially referred to as Spark Plasma Sintering 
(SPS). SPS devices are capable of extremely high heating rates up to 2000oC/min, and are 
reported to exhibit numerous advantages over conventional sintering methods, chief 
among them the ability to more fully densify materials at a lower temperature, processing 




numerous attempts to discern the reasons behind these benefits and their relation, if at all, 
to the electric current. However, such efforts have been confused by several factors, 
including differences between SPS equipment and green powders used in different 
studies, lack of detailed reporting of the electrical parameters, poor control over 
thermocouple and/or pyrometer placement compounded by the presence of significant 
thermal gradients within the sample and die assembly, irregular and unknown current 
variations within the sample due to density variation and electrical leakage through the 
surrounding die, and the inability to separate the sample temperature from electric current 
and thus study their effects independently.9,11,12 
 
 




Initially, the advantages of SPS were attributed to a plasma formed by electrical 
discharges at particle interfaces (hence the name). However, after years of experimental 
and theoretical study no compelling evidence for the existence of such plasma or 
discharges has been found, making this “spark plasma” theory controversial at best.9,11 
Current theories include diffusion enhancements by current induced electromigration, 
diffusion, space charge, or high local temperatures at the particle interfaces and grain 
boundaries due to their higher contact resistance.9,13 It is frequently claimed that the 
presence of the electric field intrinsically acts to lower sintering temperatures and 
promote densification by these mechanisms. However, another possibility is that the 
electric field has no significant effect on densification and coarsening mechanisms, and 
that the observed differences are due rather to the temperature profiles used in SPS. A 
series of experiments by Langer et al. on alumina, yttria – stabilized zirconia, and zinc 
oxide comprehensively examined the densification behavior of these materials when 
sintered with SPS and hot pressing, carefully accounting for thermal gradients within the 
die and sample. They observed that within these systems there was no difference in 
sintering mechanisms or rates between the two methods, and concluded that observations 
to the contrary in the literature could be explained by differences between the measured 
temperature and actual sample temperature or enhanced necking during the low 
temperature overshoot when the SPS apparatus was turned on.14,15 While not absolute 
proof of the absence of any electrical effects in all systems, these experiments do lend 
significant weight to the argument that SPS techniques offer no electrical field-induced 
sinterability advantage over hot pressing. They also highlight the necessity of careful 




1.1.4.2 Flash Sintering 
 Efforts to separate the intrinsic connection between temperature and current in SPS 
equipment due to its use of joule heating lead to the development of a different class of 
furnace systems with an external heat source and electrodes attached to the sample.13 
Temperature is controlled by external heating elements as in a conventional furnace, 
while a current is run directly through the sample rather than the sample and surrounding 
graphite die. Furthermore, pressure is removed from the system entirely, limiting the 
process variables to temperature, voltage, and current. Investigation along these lines has 
found significant electrical effects on sintering and microstructure development, and thus 
opened the question of potential electrical effects on microstructure development outside 
the scope of joule heating sintering methods. Studies have mainly focused on oxide 
ceramics, with an electric field effect on grain boundary migration observed in alumina.16 
Numerous recent studies on yttria-stabilized zirconia have observed weak DC and AC 
voltages enhancing densification by limiting grain growth,17,18,19 or in one instance 
inducing pore migration.20 From these results it is apparent that applied electric fields do 
influence sintering behavior. The differences between the results in these studies and 
those performed by Langer et al. using SPS might be explained by the different 
experimental setup; in the absence of applied pressure and with the current constrained to 
the sample and unable to leak through the surrounding die, electrical effects may be more 
pronounced than in SPS. 
A more dramatic effect of current on sintering was observed when higher power DC 
voltages were applied during heating. At a voltage dependent critical temperature far 




causing a sudden spike in the applied power and densifying the material to ~95% relative 
density in a matter of seconds (Figure 1.5).21 This process was termed “flash” sintering 
due to the extremely short processing time. Since discovery of this phenomenon in 2010, 
flash sintering has been reproduced by multiple groups in a wide range of materials, 
including doped and undoped zirconia,21,22,23,24 magnesia-doped alumina,25 titania,26,27 tin 
dioxide,28,29,30 zinc oxide,31 and  MnCo2O4.32 At voltages below the critical flash voltage, 
improvements in sinterability are observed, while above the critical voltage a flash event 
occurs at a temperature determined by the magnitude of the voltage. These observations 
indicate the mechanisms through which electric fields act on microstructure development 
are also dependent on the magnitude of the electric field26 
 
 
Figure 1.5: Linear shrinkage as a function of temperature (time) demonstrating the effect 




The mechanism behind the flash event is presently unknown. Initially rapid Joule 
heating to extremely high temperatures was considered, but optical temperature 
measurements of the sample itself during the flash event found that, while present, Joule 
heating was insufficient to achieve the reported densities.33 Since then, the main proposed 
mechanisms have been localized grain boundary heating undetectable by external 
measurements, nucleation of Frenkel defects, and space charge effects. Presently, 
observation of a nucleation time for the flash event, dependence on MgO doping in flash 
sintering of alumina, and photoemission indicative of electron conductivity during the 
flash event all suggest that some sort of defect avalanche mechanism is behind the flash 
sintering phenomenon.34,35,36 
 
1.1.4.3 Conclusion on Field-Assisted Sintering 
Though it has been studied in one form or another for nearly a century, the interplay 
between the electric field and microstructure development during sintering is a 
contentious topic that is not well understood. While the effect of the electric field in SPS 
systems is tenuous and contentious due uncertainties in the operating conditions inherent 
in SPS designs, effects of electric fields such as the flash sintering phenomenon have 
been noted in alternate designs that avoid these issues. It is apparent that FAST 
techniques can be beneficial for sintering certain material/sintering systems, but a 
theoretical analysis of its benefits for unexplored materials systems is impossible without 
fully understanding the basic mechanisms at work. Until then, it is necessary to both 




to apply FAST techniques to different material systems in order to build up a more 
comprehensive understanding of these phenomena. 
 
1.2 Materials Studied 
 
1.2.1 Zirconium Diboride Ultra High Temperature Ceramics 
The metal - diboride systems of materials are promising candidates for several high 
temperature aerospace applications, especially leading edges for re-entry vehicles and 
hypersonic aircraft. Conventionally a high angle of descent is used during orbital re-entry, 
necessitating a large, blunt surface to dissipate the heat generated. However, such an 
approach prevents the re-entry trajectory from being easily or flexibly controlled during 
descent, and on larger vehicles subjects a large area of the heat shielding to extreme 
temperature conditions, increasing the risk of catastrophic failure. An alternate approach 
is to use a controlled, low angle re-entry at hypersonic speeds, enabling greater control 
over the trajectory. For this descent profile, an extremely sharp leading edge with a small 
radius of curvature is aerodynamically necessary.37,38 Naturally, such aerodynamic 
structures are also applicable to hypersonic aircraft and missiles such as the Defense 
Advanced Research Projects Agency’sFalcon program.39 
Sharp hypersonic leading edges require materials capable of withstanding 
temperatures in excess of 2000oC in a high altitude oxidizing environments.40,41 
Zirconium diboride (ZrB2) is a member of the family of group IV metal – diborides, 
alongside titanium diboride (TiB2) and hafnium diboride (HfB2). These materials, 




temperatures in excess of 3000oC and possess several additional beneficial properties 
related to their atomic structure. The metal – diborides have a hexagonal crystal structure, 
consisting of boron hexagonal rings layered between closed packed layers of metal ions 
(Figure 1.6). The extremely strong covalent B-B bonds and ionic/partially covalent B-
metal bonds result in extremely high melting temperatures, hardnesses, stiffnesses, and 
chemical stabilities,42 while the metallic bonding along the close packed metal planes 
gives them unusually high electrical conductivities comparable to the parent metals, as 
well as extremely high thermal conductivities for ceramics.43,44 
 
 
Figure 1.6: Crystal structure of zirconium diboride from various angles.  
 
These intrinsic properties make ZrB2 an attractive candidate for hypersonic leading 
edges, as it is capable of withstanding the extremely high temperatures required for these 
applications, and its high thermal conductivity enables it to efficiently radiate heat away 




factors hamper its utilization in actual aerospace applications. Due to its high melting 
temperature, covalent bond character, and low diffusivity, pure ZrB2 is extremely 
difficult to sinter to full density, requiring sintering temperatures at or greater than 
2000oC and excessively long soak times.46 Furthermore, ZrB2 oxidizes to ZrO2 at high 
temperatures, which left unchecked will eventually continue and consume the entire 
material.47 Finally, to best withstand the pressures in a hypersonic envirnoment, it is 
necessary to maximize the mechanical properties of ZrB2 to ensure operating 
performance and reliability.46 
 
1.2.1.1 Silicon Carbide and Zirconium Carbide Secondary Phases 
Incorporation of one or more additional ceramic phase(s) into the ZrB2 matrix is the 
most common method used to enhance its physical and mechanical properties. By adding 
an additional material, typically within the range of 10 to 30vol%, the sintering behavior, 
mechanical properties, physical properties, and oxidation resistance can be controlled 
without sacrificing the base material characteristics that make ZrB2 applicable for 
hypersonic leading edges.  
Silicon carbide (SiC) is the most extensively studied secondary phase for ZrB2 based 
ceramics. This is largely due to its beneficial effect on the oxidation resistance of the 
composite. Pure ZrB2 oxidizes in air starting around 900oC according to the reaction 
                               (1.6) 
The ZrO2 produced is a porous solid layer due to the volume change from the reaction, 




creates a continuous oxide layer over the surface of the material, limiting further oxygen 
ingress to its diffusion rate through the B2O3 liquid and effectively preventing further 
oxidation of the ZrB2 underneath. However, B2O3 evaporates starting at ~1100oC, 
enabling oxygen to penetrate through the zirconia scale causing further oxygen 
penetration progressively deeper and deeper into the ZrB2 beneath the oxidized zone, 
until the material is completely oxidized.47,48,49 
Addition of SiC changes this dynamic. SiC oxidizes at 1200oC to CO and a glassy 
SiO2 phase which, along with the B2O3 from the ZrB2, forms a borosilicate glass coating 
the surface of the sample preventing further oxygen penetration up to around 1600oC.50 
Cross sectional SEM/EDS imaging of ZrB2 – 30vol% SiC oxidized in stagnant air at 
1500oC (Figure 1.7) shows that this passivation layer consists of a SiC depleted zone at 
the “bottom” of the layer, followed by a porous ZrO2 layer approximately 20 μm thick, 
capped with a SiO2-rich protective skin.51,52 Above 1600oC this borosilicate layer begins 
to evaporate, increasing the oxide scale thickness and catastrophically rupturing the scale 





Figure 1.7: Cross-sectional images of ZrB2 – 30vol% SiC showing (a) secondary electron 
SEM image, and EDS mappings of (b) atomic oxygen distribution, (c) atomic silicon 
distribution, and (d) atomic zirconium distribution.51 
The sinterability and mechanical properties of ZrB2 can also be positively influenced 
by SiC addition. A study by Monteverde et al. found that 10vol% SiC with a d90 = 0.8μm 
enabled full densification using hot pressing at 1900oC and 40MPa for 20min (Figure 
1.8).54 Further research found strong correlations between increased SiC volume fraction 
and final relative density, final ZrB2 grain size, as well as a definite though lesser 
influence of SiC particle size on densification.54,55,56,57,58 One study by Hwang et al. 
found that addition of 22.4vol% SiC with a particle size of 40nm enabled full 
densification using hot pressing at a remarkably low temperature of 1650oC at 60MPa for 




boundaries during sintering, thus increasing the sinterability. However, it is also theorized 
that the SiC also introduces a nanometer-scale SiO2 liquid phase wetting the grain 
boundaries that also enhances densification.56,59 
 
Figure 1.8: Relative density against time during hot pressing for pure zirconium diboride 
(ZrB2) and ZrB2 – 10vol% SiC (ZS) demonstrating the effect of SiC on improving 
sinterability.54 
 
The three main mechanical properties that are affected by incorporation of SiC as a 
secondary phase are the hardness, toughness and flexural strength. While the modulus is 
also an important characteristic property, there is little difference between the modulus of 
fully dense ZrB2 and ZrB2 – SiC due to their similar individual modulii. Hardness is 
influenced by the hardness and volume fraction of the individual components according 
to a rule of mixtures relationship, and is maximized at smaller grain sizes.46 Flexural 
strength and toughness are influenced by three primary mechanisms. The aforementioned 
effect of SiC to restrain ZrB2 grain growth means that composites prepared with a large 
vol% SiC have a smaller average grain size than pure ZrB2. Additionally, the SiC grains 




path behavior. Finally, the different coefficient of thermal expansion between ZrB2 and 
SiC means that a residual stress remains after sintering which also affects both strength 
and toughness.42,46 
The crack growth path through the microstructure significantly influences the fracture 
toughness of ZrB2 composites. In typical pure ZrB2, both transgranular (through the grain) 
and intergranular (along the grain boundary) fracture modes are present.46 To increase the 
toughness, it is desirable to increase crack deflection, which requires intergranular 
fracture around relatively large grains. The fracture toughness of pure ZrB2 is recorded to 
be typically between 2 to 4.8MPa·m1/2.44,55,59  Introduction of SiC particles enhances 
crack deflection and bridging, with cracks deflecting around the SiC grains as shown in 
Figure 1.9. It is theorized that the residual stress between the SiC particles and ZrB2 
matrix are the cause of this behavior. A key determining factor in the toughness is the 
ratio of ZrB2 to SiC average grain size, with a higher GSZrB2: GSSiC yielding increased 





Figure 1.9: SEM image of a Vickers indentation crack on thermally etched ZrB2 – 30vol% 
SiC showing crack deflection around the ZrB2 – SiC interfaces.42 
 
In the absence of significant porosity or other defects, the flexural strength of a 
ceramic is typically determined by the largest grain in the stress zone acting as the critical 
flaw, which scales with the average grain size.42 By reducing the overall average grain 
size of the composite, SiC increases the flexural strength from ~400MPa for pure ZrB2 to 
values as high as 1.05GPa for ZrB2 – 30vol% SiC.55,60,61 However, the flexural strength is 
insensitive to the ZrB2 grain size and instead depends on the SiC grain size as shown in 
Figure 1.10. This is due to the residual stresses arises during cooling from differences 
between the coefficients of thermal expansion (CTE)  of ZrB2 (~6.8·10-6 K-1)62 and SiC 
(~4·10-6 K-1)63. The radial and tangential stresses at the ZrB2 – SiC interface can be 




                   (1.7) 
Where L is the distance from the inclusion, and r is the SiC particle size. From this 
equation, the residual stresses are minimized at small SiC grain sizes (r<<L), and increase 
with inclusion size, lowering the flexural strength by introducing microcracking around 
the particles.42,57,60 Experimental work by Watts et al. in 2011 verified the presence of 
residual stresses as high as 880MPa in ZrB2 – 30vol% SiC, and observed a flexural 
strength – SiC grain size relationship consistent with microcracking at a SiC maximum 
particle size up to 11.5μm.64,65 
 
 
Figure 1.10: Flexural strength plotted against average grain size of ZrB2 and SiC grains 
showing that the strength is influenced by the average SiC grain size and independent of 





Zirconium carbide (ZrC) is another refractory ceramic potentially useful as a 
secondary phase in ZrB2. Study of its effects on sintering and final composite properties 
has been far less intensive than that of SiC. Interest in ZrC additives arose initially as it 
was a common byproduct when reaction sintering ZrB2 – SiC from boron carbide (B4C) 
sources, and was continued due to interest in its effects on the mechanical properties of 
the composite. In addition to restraining ZrB2 grain growth similarly to SiC,46 ZrC 
composites also exhibit excellent mechanical properties. One of the initial studies of ZrB2 
– ZrC by Shim et al. measured a fracture toughness of 7.42MPa·m1/2, higher than the 
typical values of 2 to 5MPa·m1/2 for ZrB2 – SiC.66 Other studies of three-phase ZrB2 – 
SiC – ZrC found that samples with 6.4vol% ZrC possessed higher fracture toughness (5.1 
vs 4.5 and 6.7 vs 4.1MPa·m1/2), thermal shock resistance, and relative density than 
identically prepared ZrB2 – SiC.67,68,69 However, there has been no attempt to 
systematically study the influence of ZrC on the grain growth and fracture behavior of 
ZrB2 composites, as has been done with SiC. 
Research on the effects of ZrC on the oxidation and ablation resistances of 
composites is similarly confused. ZrC reacts with air to form ZrO2 and CO(2) starting at 
~600oC, with the oxidation process pulverizing the ZrC grains and eventually 
powderizing the entire sample.47,70 Naturally, studies on ZrB2 – SiC – ZrC composites 
with a high vol% ZrC such as 40% or 70% found that these samples had extremely poor 
oxidation resistance,67,71,72,73 but studies on samples with only 6 vol% ZrC found no 
measurable difference from the case of ZrB2 – 20vol% SiC.69,74 Furthermore, all studies 
were performed at temperatures in excess of 1000oC, above the temperature where the 




studies on the low temperature oxidation of these materials, as well as their ablative 
properties are necessary to fully characterize the effect of ZrC additives. 
 
1.2.1.2 Sintering Techniques Applied to Zirconium Diboride Composites 
Sintering ZrB2 to full density require special equipment or additional, sometimes 
deleterious, additives due to its high melting temperature and low diffusivity. In general, 
the goals of researching new techniques to densify ZrB2 composites are to fully densify 
the material with as little effort as possible (i.e. using low sintering temperature without 
complex, difficult to scale to industrial manufacturing equipment), while maintaining or 
enhancing its properties. As oxidation resistance is largely determined by the sample 
chemistry instead of microstructure, the effectiveness of a sintering method is typically 
evaluated by its impact on composite sinterability, microstructure, and mechanical 
properties. The following is a summary of the commonly utilized sintering techniques for 
ZrB2 composites and their effects. 
Hot pressing is the most common and oldest method used to fully densify ZrB2. By 
itself ZrB2 can be densified to ~99% density with temperatures of ~2000oC and a load of 
~25-50MPa. However, this temperature leads to undesirable grain growth, resulting in 
average grain sizes of 6μm or more.55 ZrB2 – 20vol% SiC can be fully densified using hot 
pressing at temperatures as low as 1900oC, resulting in average grain sizes typically 3μm 
or lower, depending on the starting powder size.54,55,57 While the specific numbers in the 




contamination from milling media (especially tungsten based media75), in general hot 
pressing at 2000oC is sufficient to reach near full densification. 
In order to improve densification in hot pressing and potentially enable pressureless 
sintering of complex shaped parts, numerous sintering aids have been evaluated for use in 
ZrB2 composites. The main obstacle to densification in ZrB2 is the presence of nano-scale 
ZrO2 and B2O3 passivation layers on the surface of the green ZrB2 powders. At the small 
powder sizes typically used for sintering these can comprise a significant volume fraction 
of the powder (~1-2vol%), and inhibit densification by promoting void formation and 
grain coarsening through surface diffusion and evaporation condensation mechanisms, 
similar to the case of TiB2. While the B2O3 evaporates at temperatures in excess of 
1200oC, the ZrO2 remains stable and is consequently the main cause of incomplete 
densification.76,77 Consequently, most sintering aids for ZrB2 are designed to react with 
and removed these oxides. 
Metal sintering aids were initially utilized to enhance densification by forming a 
diffusion enhancing liquid intergranular phase, and success was obtained sintering ZrB2 
with 4wt% Ni using hot pressing at 1850oC.44 However, the metallic grain boundary 
phase proved detrimental to the high temperature mechanical properties, causing a near 
total loss of strength at temperatures as low as 1200oC.78 Greater success was obtained 
with metal – disilicide sintering aids, with MoSi2 and ZrSi2 enabling full densification in 
ZrB2 – 20vol% MoSi2 composites using hot pressing and pressureless sintering at 
temperatures ~1800oC,79,80 while 20vol%  ZrSi2 enabled full densification with 
pressureless sintering at temperatures as low as 1650oC or 1550oC with pressure.59,81 




some cases to cause microcracking, which degraded the flexural strength, and its 
relatively lower melting temperatures also decreased the composites flexural strength 
above 1500oC.71 
Various nitrides have also been used as sintering aids for ZrB2 composites with the 
expectation that they would react with and remove the surface oxides and thus enhance 
densification. Studies on AlN revealed a slight increase in densification from 90% to 92% 
relative density when hot pressed with ~5vol% AlN at 1850oC,82,83,84 while Si3N4 had a 
more pronounced effect, with additions of 2.5 to 5vol% forming a diffusion enhancing 
intergranular phase enabling densification of ZrB2 based composites to >98% relative 
density using hot pressing at 1850oC,85,86 or in one case as low as 1700oC.83  However, 
similar to the case of Ni, the Si3N4 glassy phase degraded the high temperature 
mechanical properties of the composite.61 
The most successful sintering aids for ZrB2 are carbon based materials that reduce 
surface oxides. WC reduces surface ZrO2  at temperatures above 1850oC, enabling 
pressureless sintering of ZrB2 at temperatures of 2150oC at a hold time of 3 hours, but 
this high soak temperature and time resulted in a undesirably large average grain size of 
~9μm, significantly larger than hot pressed ZrB2.75,87 Carbon has also been examined as 
both a tertiary phase and sintering aid, with ~2.5vol% carbon enabling >98% relative 
densities in pure ZrB2 using hot pressing at 1900oC.76,88,89 Boron carbide (B4C) is perhaps 
the most effective sintering aid, as it reacts with ZrO2 starting at 1200oC to produce ZrB2, 
B2O3(l), and CO2(g). This enables full densification of ZrB2 with only 2wt% B4C using 
pressureless sintering at temperatures of 1850oC for 1 hr. Unlike with other sintering aids, 




mechanical properties of ZrB2 or ZrB2 - SiC as it produces no extraneous phases and 
restrains grain coarsening. For these reasons, B4C is the ideal sintering aid for ZrB2 based 
composites.39,42,90,91,92,93 
Reaction hot pressing can be used to prepare ZrB2 based composites from elemental 
materials or compounds. Reaction between elemental Zr and B is one possible route 
explored by Chamberlain et al.94 and resulted in fully dense composite at a temperature 
of 1700oC, but required several isothermal holds at low temperatures to avoid a self-
propagating ignition of the material which would have caused undesirable coarsening and 
outgassing.6,95 The most extensively studied reactive route is that of Zr, Si, and B4C to 
produce ZrB2 – SiC via the reaction: 
                                       (1.8) 
which results in a volume fraction of SiC of 25 – 27%, near ideal from a mechanical and 
oxidation resistance perspective. XRD analysis of samples heated to different 
temperatures found that the reaction occurred at 800 – 1400oC,67,96 and also produced 
small amounts of ZrC and ZrO2 which requires a slight excess of B4C and a high 
temperature soak above 1800oC to completely remove.97,98 
A slight decrease in the vol% Si powder can result in the formation of a ZrB2 – 20vol% 
SiC – 6vol% ZrC composite, which can be sintered to 97.3% relative density at 
temperatures as low as 1600oC.99 It is generally believed that the presence of ZrC 
enhances densification in the composite by restraining grain growth, and also promotes 
the mechanical properties of the composite.67,68,96,99 Reaction sintered ZrB2 – SiC– ZrC 
prepared by Zhang et al. possesses one of the highest fracture toughnesses of a ZrB2 




and addition of extra Zr results in a ZrB2 – ZrC composite, which can be sintered to full 
density at temperatures as low as 1400oC. The ZrB2 formed at these temperatures is 
significantly smaller than the starting powder due to volume changes fracturing the 
powder, and possesses an anisotropic rod/platelet shaped morphology after sintering, 
currently under investigation for potential improvements to fracture toughness.7,101 
While reaction sintering of ZrB2 – SiC has not been shown to possess any significant 
advantage over composites prepared by using B4C as a sintering aid,  the ZrB2 – ZrC (-
SiC) composites possess a uniquely high fracture toughness among the ZrB2 based 
composites. It is unknown to what extent these properties are due to the reaction sintering 
process itself, as conventional hot pressing of ZrB2 – SiC – ZrC composites produces 
similar improvements to toughness.100 Furthermore, as previously mentioned the 
influence ZrC content on the mechanical properties and the oxidation resistance of ZrB2 
based composites is not well defined.  
Spark plasma sintering (SPS) has been examined as a sintering method for ZrB2 
ceramics in the hope that it would minimize grain coarsening by densifying the material 
in a short time at low temperature. To fully characterize the densification of ZrB2 
composites with SPS, it is necessary to determine the effect of heating rate and soak 
temperature on densification and grain growth, and the influence that desirable secondary 
phases such as SiC or ZrC have on this process. Additionally, the controversial discharge 
and field effects of SPS may also be of particular relevance to ZrB2. If the SPS process 
does in fact vaporize the surface of the powders this could potentially remove the oxide 
films and enhance densification. However, both ZrB2 and ZrO2 are electrically 




mention that, absent a reducing environment, such a process would have no way of 
removing the vaporized ZrO2 from the system.  
While several studies have been performed on SPS of ZrB2 based composites, a clear 
overview of its effectiveness is hampered by the variety of test systems (each potentially 
with a different thermal gradient), initial powders, and sheer variety of compositions and 
sintering aids utilized. Both ZrB2 – SiC and ZrB2 – SiC – ZrC composites over a wide 
range of compositions have been successfully sintered with SPS by several groups, but 
reports on the effectiveness of the method conflict. Studies by Wang et al. and Lee et al. 
found that ZrB2 – SiC could be near fully densified at temperatures as low as ~1500oC 
with a 5min soak, with density increasing upon addition of AlN.102,103 However, a 
different study by Guo et al. found that densification did not begin in ZrB2 - SiC until 
~1840oC and required a short hold at 1900oC to fully densify.104 A possible explanations 
for this discrepancy is the different equipment setup used by each group; given the high 
thermal gradients common in SPS equipment10 it is possible that the actual sample 
temperature in one or more of the experiments was significantly larger than the die 
surface temperature measured by optical pyrometer. The study by Lee et al. noted that 
changes in the pulse on:off ratio significantly affected final grain size and density, though 
whether this is due to electrical discharge effects (as suggested by Lee) or thermal 
fluctuations undetected by the pyrometer is unclear. Additionally, Guo noted that a 
heating rate increase from 17oC/min to 100oC/min reduced densification and increased 
grain coarsening, which was attributed to the B2O3 not having sufficient time to evaporate 
from the system, as similar effects were not observed in a composite containing a Yb2O3 




evaporation kinetics, contrary to what Guo argues this is not compelling evidence of any 
electric discharge effects removing surface oxides as such behavior could instead be 
caused by the presence of ytterbium oxides on the grain boundaries. 
Literature on SPS of ZrB2 – SiC – ZrC composites is less conflicting, with several 
groups sintering composites over a large range of compositions between 1750oC and 
2100oC. While no studies of the effect of heating rate or pulse structure on densification 
have been performed, it is generally agreed that densification begins ~1700oC and can be 
enhanced by addition of various sintering aids.73,84,86,105 Many of these composites are 
noted to have high fracture toughnesses, but whether this is a consequence of the ZrC 
phase fraction, microstructure, SPS technique, other additives, or some combination 
thereof is unclear. The effect of composition on densification or grain growth have not 
been examined; while one study over a wide range of compositions sintered at 1950oC 
noted that all reached the same relative density, this is well above the minimum 
temperature needed to fully densify these materials.106 
Overall, the use SPS to densify ZrB2 based composites is not fully understood. While 
SPS can reduce high temperature soak times from ~1hr using hot pressing to ~5min, there 
is no significant reduction in processing temperature or grain growth at the powder sizes 
commonly used. Furthermore, the high heating rates characteristic of SPS may not be 
beneficial to ZrB2 due to the time required for evaporated B2O3 to leave the system. Key 
weaknesses in the existing literature include a lack of quantitative analysis of the effect of 
the sintering parameters and sample composition on microstructure development. Cross 
comparisons across the literature are difficult due to differences in equipment, starting 




1.2.2 Solid State Lithium Ion Batteries 
A different class of materials for which advanced sintering techniques may be 
particularly applicable is solid state lithium ion batteries. Environmental and economic 
concerns about the mass utilization of fossil fuel sources for energy production have led 
to a search for alternative means of energy production. A vital component for alternate 
energy to become practical is an improved ability to safely store electricity at large scales 
and high energy densities.107  Lithium ion batteries possess high energy densities, and are 
already commonly used today in most portable electronic devices. Over the last twenty 
years, rechargeable lithium-ion batteries have undergone a great deal of development 
through the introduction of new materials and engineering approaches that have boosted 
the delivered power densities, bringing them closer to the theoretical ideal.108,109 Despite 
this unprecedented progress, further improvements in storage capacity, lifetime, and 
stability in extreme environments are still necessary for more widespread utilization.110 
Currently, most commercial Li-ion batteries contain liquid or polymer electrolyte 
materials which limit expanded utilization due to their limited range of operating 
temperatures and safety concerns about mechanical rupture of the battery cell releasing 
toxic or flammable material. All solid Li-ion batteries are a possible safer, longer lasting 
alternative, but possess poor performance, mainly due to their low solid electrolyte 
conductivities, typically caused by low grain boundary conductivities.111,112 
The sintering technique and parameters used when consolidating solid state Li-ion 
batteries directly influence their microstructure and electrochemical properties.113 Spark 
plasma sintering has been applied to several different systems of solid state Li-ion 




its effects on grain boundary composition. A recent review of these efforts by Kali et 
al.114 found that using SPS to densify solid state electrolyte materials can improve their 
conductivity by as much as two orders of magnitude from the order of 10-4 S·cm-1 to as 
high as the order or 10-2 S·cm-1, and attributed this to a lowered grain boundary resistance 
and improved grain to grain contact. Studies by Duluard et al.115 on sintering  
Li1.3Al0.3Ti1.7(PO4)3 (LATP) solid electrolytes with SPS over a wide range of hold 
temperatures found that lower temperature soaks produced a finer microstructure with 
higher conductivity, which he attributed to better grain to grain contact. Another study by 
Xu et al.116 on LATP found that SPS could be used to produce samples with grain sizes 
as low as ~100nm, resulting in room temperature conductivities of up to 1.12 ·10-3 S/cm. 
Because the grain boundary resistivity of solid state electrolytes including LATP is far 
higher than the bulk resistivity,117 one might expect that reducing the average grain size 
would decrease conductivity instead of enhancing it. However, the aforementioned 
studies demonstrate that the opposite is the case for LATP, which the researchers 
attributed to the SPS mechanism increasing the grain boundary conductivity. Whether 
this effect is an intrinsic result of sintering under an electric field or simply a byproduct 
of the fast heating rates of SPS is unknown. 
Aside from pure electrolyte materials there has been comparatively little investigation 
of the effects of SPS on solid cathodes or battery systems. While the properties of the 
cathode and anode are not the limiting factor for the performance of all-solid lithium 
batteries, it is theorized that field-assisted techniques such as SPS may improve the 
quality of the cathode-electrolyte interface and promote battery performance in addition 




bilayers of LATP electrolyte and LiCoPO4 or Li3Fe2(PO4)3 and found that the process 
resulted in a coherent interface that was electrochemically active (Figure 1.11). Also of 
note was significant penetration of ions across the interface.118 A separate study by 
Delaizir et al. on SPS of Li1.5Al0.5Ge1.5(PO4)3 electrolyte Li3V2(PO4)3 composites found 
similar results and good electrochemical performance of the resulting cell.113 The effect 
of other FAST sintering techniques on solid state lithium ion battery materials has not 
been examined, but recent research has found beneficial effects the electronic properties 
of yttria-stabilized zirconia (YSZ) and La0.6Sr0.4Co0.2Fe0.8O3 solid oxide fuel cell 
materialswhen sintered with FLASH sintering.119,120 Investigation of the sintering of solid 
state Lithium ion battery materials and battery cells with FAST and FLASH sintering 
may prove similarly fruitful, and shed light on the sintering mechanisms at work in these 
methods as well as the source of the observed benefits of SPS on these materials. 
 
 
Figure 1.11: Cross sectional view of a SPS – sintered Li3Fe2(PO4)3 – LATP interface 
showing (a) zoomed out view of the interface, (b) enlargement of the circled area on (a), 
(c) EPMA iron distribution map of (a).118 
 
While it is clear the SPS can have beneficial effects on the microstructure and 
properties of Li-ion batteries, it is not clear whether this is due to its high heating rate and 




electric field itself on microstructure and electronic properties outside of the context of 
SPS, it is necessary to decouple the applied voltage from the system temperature. Such 
investigation will give a better understanding of the merits of SPS compared to 
conventional sintering, further expand the ability to control microstructure development 
and thus electronic properties of solid state battery materials, and possibly open new 




CHAPTER 2. ZRB2 – SIC AND ZRB2 – ZRC CERAMICS WITH HIGH 
SECONDARY PHASE CONTENT 
ZrB2 - SiC and ZrB2 - ZrC composites over a wide range of secondary phase 
concentrations were sintered using SPS and hot pressing. These experiments were 
conducted to determine the effect of different SPS heating rates and secondary phase 
volume fraction upon densification and microstructure, and the subsequent mechanical 
properties of the composite. By studying and comparing the effects of SiC and ZrC 
without adding them both to the ZrB2 composite, their influence on the physical and 
mechanical properties of the ZrB2 composite independent of each other can be evaluated. 
 
2.1 Experimental Design 
Commercial ZrB2, ZrC, and SiC powders (Atlantic Equipment Engineers, ZrB2 - 325 
mesh, SiC <1500 grit, ZrC -100mesh, all 99.8% purity) were used as starting material. 
The powders were weighed, placed in 1L polyethylene bottles and ball milled in ethanol 
using cylindrical 12mm yttria stabilized zirconia (YSZ) media at 100 RPM for 24 hours. 
Zirconia impurity from milling was estimated to be less than 1% using weight gain. The 
powder was then reclaimed using a Yamato RE500 rotary evaporator and analyzed for 
size using SEM (FEI Technai XL-40 FE SEM). The average particle size of all powders 




into 20 x 3mm disks using spark plasma sintering at SPS Nanoceramics LLC with a 10V 
10kA DC power supply setup. All samples were heated in an evacuated chamber at the 
specified heating rate to a maximum temperature of 2000oC (measured by an optical 
pyrometer aimed at the die exterior), with a hold time of 4 minutes, under a pressing 
pressure of 60MPa. Two samples for each composition and sintering method were 
sintered and examined. Once sintered the relative density was measured with the 
Archimedes method using theoretical densities calculated assuming an ideal fraction of 
components. XRD spectra were taken to verify the phases present (Brucker D8 with a 
CuKα source). 
The flexural strength σfs was measured using the ball-on-ring test with a 13mm 
diameter steel ring and 2.5mm diameter carburized steel ball on a load frame (Sintech 
30/D) as shown in Figure 2.1. Prior to testing all samples were polished with 600 grit SiC 
paper to remove surface irregularities and ensure a uniform flaw size. Values were 
calculated using the equation: 
                       (2.1) 
where F is the maximum load at fracture, ν is Poisson’s ratio, t the sample thickness, b 
the central area of constant stress (approximately equal to t/3), ar the ring radius, and R 
the sample radius.121 The value of 0.16 measured by Zhu et al. was used for Poisson’s 
ratio of the ZrB2 – SiC composites.57 Poisson’s ratio for ZrB2 – ZrC composites has not 
been measured, but Zhang and Gou have measured values of 0.18 – 0.19 for ZrB2 – SiC – 
ZrC composites and the value for pure ZrC is known to be 0.27.84,92,122 Based on these 
numbers a value of 0.20 for Poisson’s ratio was used to calculate σfs of the ZrB2 – ZrC 




strength values, within the observed uncertainties. After the ball-on-ring test, the fracture 
surfaces were examined with SEM to determine the mode of crack propagation. 
 
Figure 2.1: Side view schematic of the ball-on-ring test apparatus used. 
 
Fragments were polished to a 0.3μm alumina finish, and hardness was measured with 
a microindenter (Leco LM247) using a Vickers head set to a 1kg load and 13s hold time. 
Six to twelve indents were measured on each sample to obtain a mean and standard 
deviation of the mean. The surface cracks around the indentations were imaged with 
SEM to assess crack path behavior. Some polished samples were etched in a NaOH 
solution to expose the grain boundaries. The etched surface was examined with SEM and 
the average grain size measured using the line intercept method using at least 250 
intercepts. Table 2.1 and Table 2.2 show a legend of the sample notation for ZrB2-SiC 
and ZrB2-ZrC, respectively. Also, the tables show the relevant volume percentages of SiC 
and ZrC additions to ZrB2 that correspond to the wt% values. These tables also 






















82ZS1 20 32 100 99 18 372 3.9 
82ZS2 20 32 200 100 19 373 3.4 
82ZS5 20 32 500 99 19 404 4.2 
73ZS1 30 45 100 100 21 213 2.4 
73ZS2 30 45 200 100 21 232 3.1 
73ZS5 30 45 500 96 20 425 2.9 
55ZS1 50 65 100 99 26 336 2.5 
55ZS2 50 65 200 100 25 223 2.5 
55ZS5 50 65 500 100 24 258 3.2 
 

















82ZZ1 20 18 100 88 7.2 444 3.2 
82ZZ2 20 18 200 88 8.4 438 3.6 
82ZZ5 20 18 500 94 7.2 528 3.5 
73ZZ1 30 28 100 91 7.9 406 3.3 
73ZZ2 30 28 200 94 9.3 479 4 
73ZZ5 30 28 500 95 10.1 496 4.4 
55ZZ1 50 48 100 92 9.4 281 3 
55ZZ2 50 48 200 91 8.9 374 2.9 
55ZZ5 50 48 500 94 7.9 353 3.8 
82ZZ 20 18 10 99 18.2 469 4.4 
73ZZ 30 28 10 100 20.3 522 3.5 











2.2.1 ZrB2 – SiC Composites 
The relative density of the individual ZrB2–SiC samples ranged from 94% to 100% 
with the overall average at 98.8%. All but two samples possessed a relative density of 99% 
or 100%. Averages for each composition and sintering method are reported in Table 2.1. 
SEM scans of the microstructure and fracture surfaces both showed only slight porosity 
typically at grain boundary triple junctions (Figure 2.2). Neither the heating rate nor the 
SiC content had any measurable systematic effect on the final density. The average grain 
sizesranged from 2.4 to 4.2μm and are reported in Table 2.1. Average grain size did not 
scale systematically with heating rate or composition, and varied over a similar range 
(~1μm) for identically prepared billets.  
 
 
Figure 2.2: Polished surface of typical (a) ZrB2 – 20 wt% SiC, (b) ZrB2 – 30wt% SiC, (c) 
ZrB2 – 50 wt% SiC samples. 
 
Hardness measurements revealed a linear correlation between hardness and SiC 
content, as shown in Figure 2.3. Hardness increased from a minimum of 18 – 19GPa at 




samples graphed in Figure 2.4, while somewhat scattered, shows a general decrease with 
increasing SiC content.  The highest average flexural strength of the 30wt% composite 
processed with the 500°C/min heating rate surprisingly also had the lowest relative 
density (96%), indicating some possible beneficial anomaly in the processing or 
mechanical testing. The strength averaged over all heating rates for each composition was 
380, 290, and 270MPa for 20, 30, and 50wt% SiC, respectively, and shows a decline in 
strength with increasing SiC content. While these values are lower than typically reported 
values of around 900MPa,46 this is likely due to the overall higher SiC content and the 
larger maximum SiC grain size in the present samples, which is known to limit flexural 
strength.57 Additionally, the use of the ball-on-ring test may have produced 
systematically lower numbers than the three and four point bend tests used in literature 
due to the different test geometries and high stress volumes. Samples with 20wt% SiC 
had the highest overall flexural strength, indicating that mechanical strength begins to 
decrease at SiC contents immediately above the levels explored in previous 
literature.42,46,92,123 SEM images of crack paths, such as the representative SEM images 
shown in Figure 2.5, reveal that all samples fractured transgranularly in the ZrB2 and SiC 








Figure 2.3: Hardness versus SiC content for ZrB2 – SiC for the three heating rates. 
 
 






Figure 2.5: SEM images of crack paths on samples: (a) ZrB2–20wt% SiC showing the 
crack bypass the SiC phase (b) ZrB2–50wt% SiC showing the crack fracture through the 
microstructure. 
 
2.2.2 ZrB2–ZrC Composites 
The typical ZrB2 – ZrC microstructure is shown in Figure 2.6. The individual ZrB2–
ZrC samples had relative densities ranging between 86% and 100%. Unlike the ZrB2 – 
SiC samples most of the ZrB2 – ZrC samples possessed a relative density around 91%. 
Average relative densities for each ZrC composition and heating rate are presented in 
Table 2.2. The average grain size ranged from 2.3 to 4.8μm and like the ZrB2 – SiC 





Figure 2.6: Polished and etched surface of a hot-pressed ZrB2-20wt% ZrC sample. 
 
The average hardness showed a slight increase with increasing ZrC content, graphed 
in Figure 2.7 (a). However, the relative density was the dominant influence on the 
hardnesses of the sample as shown in Figure 2.7 (b). Samples with near 100% density 
had hardnesses almost twice as large as those around 90%. Flexural strength decreased 
with increasing ZrC content, as shown in Figure 2.8 (a). A modest benefit of higher 
heating rates is also apparent. The influence of density on flexural strength is shown in 
Figure 2.8 (b). Flexural strength increases with density, with the highest amount of ZrC 




ZrC consistently exhibit high flexural strength over all densities, implying that the 
compositional influence it is not an artifact of porosity.  
 
 








Figure 2.8: SEM images of crack paths on samples with: (a) ZrB2–20wt% ZrC, (b) ZrB2–








2.3.1 Properties of ZrB2 – SiC Samples 
The heating rate during sintering had a little or no impact on density or grain size for 
all compositions examined. However, the highest heating rate resulted in a slight decrease 
in hardness for compositions having a SiC content of 50wt% (Figure 2.3).  The 50wt% 
SiC composite showed a decrease in hardness from 26GPa to 24GPa when processed 
with the 500°C/min heating rate compared to the two samples having slower heating rates 
which did not show this behavior. Likewise, the flexural strength of samples sintered 
with 50wt% SiC decreased from 340MPa at 100oC/min to 260MPa at 500oC/min. (Figure 
2.4). These results imply that fast heating rates are not beneficial to the mechanical 
properties of ZrB2 – SiC composites with high SiC content, which is consistent with 
previous reports in literature documenting that SiC does not benefit from the high heating 
rates employed in SPS.124 
 While the heating rate has a small influence, the main factor determining hardness 
and flexural strength is the amount of SiC present. Hardness increased from ~19GPa at 
20wt% SiC to ~25GPa at 50wt% SiC, which is expected as SiC has a much higher 
hardness (30GPa) than ZrB2 (23GPa).122The current results demonstrate that the increase 
in hardness with SiC content continues into previously unexplored regions of high SiC 
content, confirming that the main factor in determining the hardness of ZrB2–SiC 
materials is the amount of SiC. Flexural strength however decreases from an overall 
average of 380MPa at 20wt% SiC to 270MPa at 50wt% SiC. An explanation for this 




Some crack deflection around SiC grains was observed, indicating that the strengthening 
mechanisms detailed by Guo et al. were at work,46 but as the SiC content increased 
deflection and intergranular fracture were observed less. Representative images of this 
behavior are shown in Figure 2.5, where in the 20wt% SiC sample the crack deflects 
around the SiC grains (Figure 2.5 (a)), whereas in the 50wt% SiC sample the crack 
propagates straight through the microstructure (Figure 2.5 (b)). Therefore, we conclude 
that at SiC compositions greater that 20wt% (~30vol%), the flexural strength is reduced 
due to a reduction in the effectiveness of strengthening mechanisms such as crack 
deflection and transgranular propagation observed at lower SiC compositions..  
 
2.3.2 Properties of ZrB2 – ZrC Samples 
ZrB2 – ZrC samples had hardness values ranging from 7.2 to 10.1GPa. Hardness did 
not strongly scale with ZrC content (Figure 2.7 (a)), which is to be expected as ZrB2 and 
ZrC have similar hardnesses of 23GPa and 25.5GPa respectively.122 Instead, hardness 
was determined mainly by density as shown in Figure 2.7 (b). Samples with the highest 
density had the highest hardness. The final density appears to be affected by the heating 
rate, with sample sintered at 100oC/min having a relative density 2 – 6% lower than those 
sintered at 500oC/min (Table 2.2). This is reflected in the flexural strengths (Figure 2.8 
(a)), which show that samples sintered at 100oC/min consistently possess a lower strength. 
Therefore, ZrB2 – ZrC systems should be sintered at higher heating rates to enhance 
densification, and consequently mechanical properties. 
 Further examination of the flexural strength data indicates that strength is maximized 




composition, revealing that the high flexural strength for the 20wt% ZrC consistently 
occurs at both low and high densities and is not an artifact of porosity. Examination of 
fracture surfaces and crack paths found that all samples fractured transgranularly with 
some intergranular fracture around smaller grains, similar to the ZrB2–SiC composites. 
Likewise, these mechanisms became less effective as the ZrC content increased, and a 
decrease in crack deflection was observed as the ZrC content increased, representative 
images for which are shown in Figure 2.9. This data has demonstrated for the first time 
that ZrC strengthens the composite through similar crack deflection mechanisms to in the 
ZrB2 – SiC system, and that a composition of around 20wt% ZrC maximizes flexural 
strength. 
 
Figure 2.9: Flexural strength averaged over all heating rates versus volume fraction 





2.3.3 Comparison of SiC and ZrC Systems 
Addition of SiC to ZrB2 is documented to enhance densification,61,123 but  ZrC 
additions clearly inhibit densification. This should be expected, as ZrC has a higher 
melting temperature (3533oC vs 2970oC for SiC).125 The wide range in the densities of 
the ZrB2 – ZrC samples (86% to 100%) indicates that the parameters used are close to 
those required for full densification to the point that experimental variations during SPS 
such as temperature overshoot or thermal gradients can cause near total densification. 
This is supported by the fact that only samples sintered with a heating rate of 200oC/min 
or 500oC/min had a relative density greater than 94%. In terms of heating rate response, a 
high heating rate leads to lower mechanical properties in ZrB2– SiC samples, but in ZrB2 
– ZrC samples the high heating rates lead to better densification and therefore mechanical 
properties. These factors indicate that a moderate heating rate of ~200oC/min should be 
ideal for the ZrB2 – SiC – ZrC system. 
In terms of ambient temperature mechanical properties, SiC is much more effective at 
enhancing hardness, while ZrC more effectively enhances flexural strength. The hardness 
of ZrB2 – SiC samples was between 18 and 26GPa, while that of the ZrB2 – ZrC samples 
ranged from 7 to 10GPa (Tables 2.1 and 2.2). This is due to both the higher hardness of 
SiC than ZrC (32GPa versus 25.5GPa),122 and the difference in overall density. However, 
ZrC was more effective at enhancing flexural strength, as can be seen in Figure 2.9 which 
plots the overall strengths against volume fraction additive (to account for the different 
densities). It might be expected that the SiC would enhance flexural strength better than 
ZrC as both types of samples fractured similarly, had similar average grain sizes, but the 




ZrB2 – ZrC samples had a flexural strength roughly 20% greater than ZrB2 – SiC samples 
of similar vol% SiC. This is even more impressive considering that the majority of the 
ZrB2–ZrC samples had only around 92% relative density compared to the average of 98.8% 
for those containing SiC. The difference in strength can be attributed to their different 
coefficients of thermal expansion (CTE) from 20 to 1500oC. The CTE of SiC 
(5.48·106/oC) is less than that of ZrB2 (6.98·106/oC),126 which has been documented by 
Watts et al. to cause tensile lattice stresses in the ZrB2 matrix. Watts theorized that this 
residual stress reduces flexural strength by adding to the stress term in the Griffith 
Equation, and that the improvements in strength observed in ZrB2 – SiC were a result of 
microstructure refinement and toughening mechanisms.64,127,128 The CTE of ZrC 
(7.06·106/oC),126 is nearly identical to that of ZrB2, which should result in comparatively 
little residual stress and a higher flexural strength. Therefore, ZrC has been demonstrated 
for the first time to be more effective than SiC at enhancing the flexural strength of ZrB2 
based composites due to its similar CTE. 
 
2.4 Conclusion 
ZrB2 ceramics with high composition of SiC and ZrC secondary phases were sintered 
using SPS at a maximum temperature of 2000oC and various heating rates. The density, 
hardness, flexural strength, and microstructure were measured for each sample. Hardness 
was observed to increase linearly with SiC content, attributed to the higher inherent 
hardness of SiC. Samples with ZrC had a lower hardness due to the lower hardness of 
ZrC and the lower density in these samples. The flexural strength was observed to behave 




above 20wt% due to microstructural strengthening mechanisms becoming less effective. 
ZrC was found to be more effective at enhancing flexural strength, with values ~20% 
higher measured at comparable volume fractions of ZrC and SiC. This was attributed to 
its similar coefficient of thermal expansion to ZrB2, which should reduce tensile lattice 
stresses in the ZrB2 matrix compared to samples containing SiC. For future work, when 
processing ternary ZrB2-SiC-ZrC ceramics via SPS, heating rates around 200oC/min and 
a ZrC and SiC content of no more than 20wt% should be used to maximize densification 




CHAPTER 3. REACTIVE HOT PRESSING AND PROPERTIES OF ZR1−XTIXB2–ZRC 
COMPOSITES 
A previously unknown reaction between ZrB2 and TiC during sintering was explored 
and found to produce Zr1-xTixB2 – ZrC composites with advantageous microstructure and 
mechanical properties. The reaction mechanisms and the effects of different levels of TiC 
on the physical and mechanical properties of the resulting composite were systematically 
explored in detail and compared to conventionally hot pressed ZrB2 and ZrB2 - ZrC. 
 
3.1 Experimental Procedure 
Powders containing ZrB2 and 10, 20, or 30vol% TiC, referred to as 91ZT, 82ZT, and 
73ZT were prepared. Additionally, pure ZrB2 and ZrB2 – 24vol% ZrC (referred to as 
ZZ24) powders were also used as standards for comparison. These samples were 
prepared to demonstrate the effects of the secondary phases and reaction with TiC on the 
sinterability, microstructure, and physical properties in composites prepared in the same 
environment with similar methods. The 24vol% Zirconium Carbide in ZZ24 was selected 
as it was equivalent to the volume fraction of ZrC present in the 82ZT samples after 
sintering. All starting powders were prepared from stock ZrB2 powder (HC Starck, 2μm, 
>99.8% purity), ZrC powder (Atlantic Equipment Engineers -100 mesh, >99.8% purity), 
and TiC powder (Sigma-Aldrich, -325 mesh, >98% purity). Powders were ball milled in 




After milling, the powders were reclaimed by rotary evaporation. The mean powder size 
of the powder mixtures was measured by laser diffractometry (Coulter Corp. TS230) and 
direct Scanning Electron Microscope (SEM) imaging (FEI Philips XL-40) and found to 
be 1.8±0.1μm. 
Sintering was performed using an Elatec HV vacuum hot press model ’88. Powder 
samples of 12.5 grams were placed in a graphite die with a 1” square channel and lined 
with graphite foil. For all samples, a heating rate of 10oC/min, max temperature of 
2000oC, and soak time of 1hr were used. A uniaxial pressure of 50MPa was applied at 
1750oC, and removed during cooldown at 1700oC. Two billets were prepared for each 
composition to ensure reproducibility of the results. After sintering the samples were 
removed from the die and residual graphite foil ground from the surface with a 160-grit 
SiC belt grinder. The porosity of each billet was measured by measuring the area fraction 
of pores on polished surfaces at several positions. X-ray diffraction (XRD) spectra were 
obtained for each billet with a Bruker D8 using a CuKα source to determine the phases 
present. Analysis on the peak positions was performed using a Si standard as reference to 
calculate the lattice parameters, and Vegard’s law was used to calculate the atom 
fractions of Ti and Zr when both were present (Table 3.2). The thermal conductivity for 
each sample was measured using a transient photoacoustic method described by Cola et 
al.129 and Hu et al.130 using a least-squares fitting method. 
Microstructure analysis was performed using scanning electron microscopy and 
energy dispersive x-ray spectroscopy (EDS). Images of the polished surface of a 
fragment from the bend tests were taken and the areal fraction of pores measured to 




the sample. For grain size measurements, a polished fragment from each billet was 
thermally etched under an argon atmosphere at 1650oC for 30 min to expose the grain 
boundaries, and then imaged with SEM. Lineal analysis was performed on over 400 
intercepts to obtain the average grain size for each billet and the average ZrC grain size 
for the ZrB2 – TiC samples. 
Each billet was sliced into twelve to fourteen 25 x 1.5 x 2.0mm bend bars, ground and 
chamfered in accordance with ASTM C1161 configuration A, and polished using 
successively finer wet abrasives with the final step using a 50nm Alumina suspension to 
remove any surface defects. Four point bend flexural strength measurements were carried 
out according to ASTM C1161 using a semiarticulating four point bend fixture on an 
Instrom Sintech 30/D load frame. SEM images of the fracture surfaces were taken to 
determine the fracture mode and critical flaw. Hardness was measured using a Leco 
LM247 microindenter with a Vickers head set to a load of 1kg and 13s dwell time on a 
polished cross sectional surface taken on one of the bend bar fragments. Ten indents were 
averaged to obtain the mean hardness and standard deviation of the mean. 
 
3.2 Experimental Results 
The ZrB2 samples had a relative density of 92% with both intragranular and grain 
boundary porosity observed as can be seen in Figure 3.1 (a). XRD spectra (Figure 3.2) 
showed only ZrB2 present. The average grain size was 5.6±0.2μm, as recorded in Table 
3.1. For the ZZ24 samples, the relative density increased to 98.2%, but both intragranular 
and grain boundary porosity remained as can be seen in Figure 3.1 (b). The average grain 




as expected, but also an anomalous peak at  26.6o 2θ in the ZZ24 and 91ZT samples, 
which was attributed to carbon residue from the graphite foil.  
 
 
Figure 3.1: Polished cross sections of samples sintered from powders containing: (a) only 
ZrB2; (b) 24vol% ZrC (sample ZZ24); (c) 10vol% TiC (sample 91ZT) (d) 20vol% TiC 






Figure 3.2: XRD spectra for all samples taken after sintering. 
 


























































The relative densities for the 91ZT, 82ZT, and 73ZT samples were 99.2, 99.8, and 
99.3%, respectively, as recorded in Table 3.1. All porosity was located at the grain 
boundaries and evenly distributed throughout the microstructure, except for in the 73ZT 
samples (Figure 3.1 (e)) which were unique in that three distinct phases were observed, as 




porosity within the clusters of the darkest phase. The overall average grain size for these 
samples decreased with increasing TiC fraction from 3.2±0.1μm to 1.4±0.1μm as shown 
in Figure 3.3, while the ZrC grain size increased from 1.4±0.1μm to 1.90±0.1μm as 
recorded in Table 3.1. XRD spectra of the 91ZT, 82ZT, and 73ZT samples (Figure 3.2) 
did not contain ZrB2 and TiC peaks matching the green powder compositions. Instead, all 
contained ZrC peaks which were invariant with respect to TiC content and a HCP pattern 
of peaks which shifted from the ZrB2 peak positions with increasing TiC content and split 
into two distinct patterns in the 73ZT samples. Examination of the microstructures with 
EDS mapping (Figure 3.4) was consistent with the XRD spectra and identified the lighter 
phase as the ZrC with little to no Ti content, the grey phase as the Zr-rich Zr1-xTixB2 and 
the darker phase as a Ti-rich Ti1-xZrxB2. The thermal conductivities of the samples are 
recorded in Table 3.1, and were reduced for samples containing TiC from 47W/m·K in 





Figure 3.3: Density and average grain size as a function of volume fraction ZrC for 
samples sintered with and without TiC. 
 
 
Figure 3.4: EDS map of sample 73ZT showing the concentration of Ti in the dark grey 





Hardness increased with increasing TiC content from 18.3GPa in samples containing 
10vol% TiC to 24.2GPa in samples with 30vol% TiC. The hardnesses of the ZZ24 and 
ZrB2 samples were far lower, at 12.9 and 17.4GPa respectively. The flexural strength for 
ZrB2 and ZZ24 was measured to be 320MPa and 440MPa. For the ZrB2-TiC samples, 
flexural strength decreased with increasing TiC concentration from 670MPa in 91ZT 
samples to 540MPa in the 73ZT samples as shown in Figure 3.5. Examination of the 
fracture surfaces, shown in Figure 3.6, found that the mode of failure shifted from mixed 
transgranular/intergranular in the 91ZT samples to pure transgranular in the 73ZT 
samples. The critical flaws in all used samples were verified to be natural features of the 
microstructure (not surface damage) and were either single grains or pores. 
 
 
Figure 3.5: Flexural strength and hardness plotted as a function of volume fraction ZrC 











3.3 Discussion and Analysis 
 
3.3.1 ZrB2 – TiC Reaction Mechanisms 
The physical properties of the control ZrB2 and ZZ24 samples were consistent with 
what was expected. No additional phases were found and the porosities and grain sizes 
were around the expected values for samples sintered by hot pressing without sintering 
aids.61 Alternately, the sintered ZrB2 – TiC samples did not possess the initially expected 
physical properties. No distinct TiC peaks were observed in the XRD spectra of all three 
compositions. Instead, ZrC peaks were identified and remained constant with TiC content, 
while the ZrB2 peaks shifted to higher 2θ values with increasing TiC content and then 
split into two sets of peaks in the 73ZT samples (Figure 3.2). SEM images of polished 
surfaces showed two distinct phases as expected for the 91ZT and 82ZT samples, but an 
additional darker third phase was observed in the 73ZT samples (Figure 3.1 (c-e)), 
consistent with the split peaks in its XRD spectra. EDS mapping of a 73ZT sample 
showed that both Zr and Ti were present in the darker two phases in the secondary 
electron image, with the dark grey being Ti rich and the medium grey Zr rich. The light 
grey phase contained only a few Ti counts, indicating that there is little to no Ti present in 
this phase (Figure 3.3). Combined with Vegard’s law analysis of the lattice parameters 
(recorded in Table 3.2), it was concluded that the samples sintered with TiC contained 
ZrC with a lattice parameter of 4.66-4.67Å which did not significantly change with TiC 
concentration, and one or more diboride phases. The diboride phase in the 91ZT and 
82ZT samples was a single homogenous Zr1-xTixB2 type phase, while the 73ZT samples 




in the 73ZT microstructures. Another notable feature was that the average grain size 
decreased with increasing TiC content from 3.2μm at 10vol% TiC to 1.4μm in samples 
containing 30vol% TiC. This is smaller than the starting powder size of 1.8μm, and 
cannot be explained by grain growth mechanisms such as grain boundary pinning. Based 
on these observations, it is clear that during sintering additional mechanisms other than 
grain growth are at work between the two component materials. 
 
Table 3.2: Crystallographic data obtained from XRD spectra. 
Sample aXB2 (Å) cXB2 (Å) % Ti aZrC(Å) 
ZrB2 3.17±0.01 3.54±0.01 - - 
ZZ24 3.17±0.01 3.53±0.01 - 4.69±0.01 
91ZT 3.15±0.01 3.49±0.01 15±1 4.66±0.01 
82ZT 3.11±0.01 3.45±0.01 35±1 4.66±0.01 
73ZT  3.12±0.01 3.41±0.01 39±1 4.67±0.01 
73ZT  3.07±0.01 3.33±0.01 68±1 - 
 
The presence of the Zr1-xTixB2 mixed phase is indicative of a Zr – Ti atom exchange 
between the ZrB2 and TiC. However, diffusion alone would not explain why the resulting 
ZrC phase contains far less Ti than the surrounding diboride phase, the lower grain size 
than the green powder size, the presence of multiple diboride phases in the 73ZT samples, 
or why the Ti-rich diboride phase in the 73ZT samples is clustered together instead of 
evenly distributed like the other phases. A reaction forming ZrC would explain both the 





The Gibbs free energy for this reaction at 1700oC was calculated to be -29.4kJ/mol, 
confirming that it is energetically favorable at the sintering temperatures used.131 
However, this would produce a third phase, TiB2, which was not observed in the 91ZT or 
82ZT samples. The reason for this is a subsequent interdiffusion between the remaining 
unreacted ZrB2 and the TiB2 produced by the reaction to form a Zr1-xTixB2  phase. This 
process has been previously documented by Aviles et al. in their study on the sintering of 
ZrB2-TiB2 composites and the work by Hu et al. on reaction sintering of ZrB2–TiN,132,133 
and is also supported by the band of solid solubility above 1500oC that exists between 
ZrB2 and TiB2 in the Zr-Ti-B ternary phase diagram.131 In the case of the 73ZT samples, 
the ZrB2 and TiB2 do not fully diffuse into each other, leading to the observed three phase 
microstructure and the split diboride peaks on the XRD scans. Additional 82ZT samples 
were sintered at incrementally lower temperatures of 1900oC, 1800oC, 1700oC, and 
1600oC to determine the temperature at which the reaction began. Below 1900oC a third 
Ti rich diboride phase, identical to that observed in the 73ZT samples, was observed, and 
below 1700oC no ZrC was observed in the XRD scans, indicating that the reaction began 
around that temperature. The presence of a Ti-rich diboride phase in the 82ZT samples 
sintered at lower sintering temperatures indicates that the reason two diboride phases 
remain in the 73ZT samples is due to differing diffusion kinetics. A possible reason for 
this could be their higher volume fraction of ZrC. Unlike ZrB2 and TiB2, ZrC and TiC are 
known to be insoluble below 2300K.134 This result, taken with the invariance of the ZrC 
lattice parameter with respect to TiC content and the lack of Ti signal in the ZrC grains 
on the EDS maps, indicates that Ti does not diffuse into or through the ZrC phase in 




hamper Ti atom exchange, causing the TiB2 clusters to remain Ti-rich instead of fully 
interdiffusing with the ZrB2 grains. 
Therefore, the additional mechanisms occurring during sintering can be described as a 
two-step process: Starting around 1700oC, all the TiC reacts with ZrB2 to form ZrC and 
TiB2 according to equation 1. This reduces the grain size by consuming the starting 
powder and generating new TiB2 grains in clusters. The small grain sizes observed in the 
82ZT and 73ZT samples can be attributed to the reaction and to the ZrC limiting growth 
of the ZrB2 grains, also observed with SiC.46 Following the reaction, the ZrB2 and TiB2 
form a Zr1-xTixB2 solid solution. In the 91ZT and 82ZT samples the system reaches 
equilibrium, but in the 73ZT samples distinct Ti-rich and Zr-rich diboride phases remain. 
This lattice diffusion also enhances densification as found by Moriyama et al. in their 
study on sintering of TiB2 – ZrB2,135 which is evidenced by the larger amount of porosity 
in the 73ZT samples compared to the 82ZT and 91ZT samples which is concentrated in 
the Ti-rich diboride clusters (Figure 3.1(e)). Overall, this reaction enables sintering to a 
higher density with smaller grain size than comparably sintered ZrB2 and ZrB2 – ZrC. 
 
3.3.2 Thermal Conductivity 
The room temperature thermal conductivities of the samples sintered with TiC were 
reduced compared to both pure ZrB2 and the ZZ24 samples. While there was only a slight 
reduction from 58W/m·K to 47W/m·K between the ZrB2 and 91ZT samples, the thermal 
conductivity continued to decline with increasing TiC content to 33W/m·K in the 73ZT 
samples. While additions of secondary phases and ZrC specifically are known to reduce 




thermal conductivity of 80W/m·K,  the reduced thermal conductivities of the samples 
sintered with TiC cannot be completely attributed to their volume fraction of ZrC. Instead, 
it is likely that the ZrxTi1-xB2 solid solution phase(s) has a lower thermal conductivity 
than pure ZrB2. A lower thermal conductivity of ZrB2 with 3.7 atom% Ti was noted 
earlier this year by McClane et al., and attributed to a lower electronic contribution to 
thermal conduction.136 The electrical conductivity of Zr1-xTixB2 over a wide range of 
solid solutions was measured to be lower than that of ZrB2 and TiB2 by Moriyama et al., 
135 but more detailed experiments on the thermal and electrical properties of ZrxTi1-xB2 
over a wide range of compositions should be conducted to isolate the effects of 
composition from porosity and microstructure. Regardless, in order to preserve the high 
thermal conductivity advantageous to the wedge-shaped leading edge geometry,137 the 
91ZT samples are preferred over the 82ZT and 73ZT samples. 
 
3.3.3 Mechanical Properties 
The pure ZrB2 sample had a hardness of 12.9GPa, far lower than all other samples, 
which can be attributed to its high porosity and large grain size. The ZZ24 sample 
hardness of 17.4GPa was also lower than all the samples sintered with TiC, which 
increased from 18.3 to 24.2GPa with increasing TiC fraction. The literature values of the 
hardnesses of ZrB2, TiB2, and ZrC vary significantly with source, with the CRC 
handbook on material properties reporting values of 21.6, 33, and 25.5GPa 
respectively,122 while other sources report ZrB2 and TiB2 possessing hardnesses of 15 and 
13GPa,42 or 16 and 20GPa.135  The observed increase in hardness with TiC fraction can 




(ZrC and TiB2) and the observed reduction in grain size. Additionally, a study by 
Moriyama et al. in 1998 on ZrB2 – TiB2 also suggests that the Zr1-xTixB2 phase may 
possess an intrinsically higher hardness  than either ZrB2 or TiB2, but it is unclear 
whether this is an intrinsic property or a result of varying porosity and grain size within 
the study.135 
The flexural strengths are not as simply explained as the hardnesses. The flexural 
strength of the pure ZrB2 sample is the lowest at 320MPa, which is comparable with the 
strength of 350MPa reported by Monteverde et al. on ZrB2 hot pressed to similar density 
and grain sizes.61 Given its high porosity and large grain size, it is expected that the pure 
ZrB2 samples would have the lowest flexural strength. Likewise, the flexural strength of 
the ZZ24 samples (440MPa) is consistent with measurements done on similar materials 
in a previous publication.138 All samples sintered with TiC possessed a higher flexural 
strength than the conventionally hot pressed ZrB2 and ZrB2 – ZrC samples. This is 
expected as in the absence of significant porosity or other defects, the critical flaw is 
typically determined by the largest grain in the stress zone, which scales with the average 
grain size.42 However, within the samples sintered with TiC, the flexural strength 
apparently decreased with average grain size, going from 670MPa at 3.2μm for the 91ZT 
samples to 560MPa at 2.0μm in the 82ZT samples to 540MPa at 1.4μm in the 73ZT 
samples. The highly porous clusters of Ti-rich diboride phase observed in the 73ZT 
samples could explain their slightly lower strength despite their smaller average grain 
size, but this does not explain why the 82ZT samples, which did not contain such features, 




The reason for this trend can be found by examining the average size of the ZrC 
grains, which increase with TiC fraction from 1.4μm in the 91ZT samples (670MPa) to 
1.8μm in the 82ZT samples (560 MPa) and 1.9μm in the 73ZT samples (540 MPa). This 
correlation between the ZrC grain size and flexural strength indicates that the critical flaw 
size is determined by the size of the ZrC grains, not the diboride grains. Similar behavior 
has been observed with ZrB2 – SiC composites, where the flexural strength is determined 
by the size of the SiC grains due to the residual stresses that arises from differences in the 
coefficients of thermal expansion (CTE) during cooling, which are minimized at small 
SiC grain sizes.42,57,60 However, such behavior is not observed in ZrB2 – ZrC composites, 
as ZrB2 and ZrC possess very similar CTE’s, causing their flexural strength to be limited 
by the overall grain size instead.138 But for the composites reaction sintered with TiC the 
primary phase is not ZrB2 bur rather a solid solution of ZrB2 and TiB2 which has been 
observed to possess a higher CTE than pure ZrB2.44 This should, and based on the 
observed flexural strengths and grain sizes, does cause similar behavior to the ZrB2 – SiC 
case. Thus, despite the overall lower grain size, the increased size of the ZrC grains in the 
82ZT and 73ZT samples lowers their flexural strength compared to the 91ZT samples.   
 
3.4 Conclusion 
The reaction between ZrB2 and TiC during hot pressing to form Zr1-xTixB2 – ZrC 
composites was explored, and compared to conventionally sintered ZrB2 and ZrB2–ZrC 
samples. The reaction improved densification by reducing the grain size and enhancing 
volumetric diffusion of Ti and Zr atoms, enabling full densification in samples containing 




grains formed by the reaction were smaller than the original powders used in sintering, 
and reduced the average grain size with increasing volume fraction of TiC from 3.2μm at 
10vol% TiC to 1.4μm at 30vol% TiC. The hardness was increased due to the smaller 
grain size, with a maximum value of 24.2GPa reached in the sample sintered with 30vol% 
TiC. Flexural strength was increased by as much as 40% over the conventional samples 
due to increased densification and smaller grains, but decreased with increasing TiC 
volume fraction from 670MPa to 540MPa due to the increased ZrC grain growth at 
higher levels of TiC. Compared to conventional sintering or reaction sintering from Zr 
and B4C, this reaction has the advantage of reducing the particle size during sintering, 
enhancing densification from the smaller grain size and smaller ZrC grains pinning grain 




CHAPTER 4. OXIDATION OF ZRB2 – SIC – ZRC COMPOSITES AS A FUNCTION 
OF ZRC CONTENT AND THE ZRC:SIC RATIO 
The effect of zirconium carbide on the oxidation and ablation resistance of ZrB2 – 
ZrC – SiC composites was examined. Literature reports that composites with a ZrC 
content of ~6vol% oxidize similarly to ZrB2 – SiC,68 but incorporation of high levels of 
ZrC above 30vol% causes runaway oxidation of the composite from the decomposition of 
ZrC.139 The behavior of composites between these extremes however is not known. 
Additionally, ZrC oxidizes far below the temperature at which the borosilicate 
passivation layer forms, which may cause the oxidation resistance of these composites to 
be poor at temperatures below the test temperature of 1500oC used in the literature. 
Stagnant air oxidation and oxyacetylene torch ablation tests were performed on samples 
with varying levels of ZrC and different ZrC:SiC ratios to determine the temperature 
dependence of oxidation behavior, the level of ZrC that degrades the protective 
borosilicate oxide scale, and to evaluate whether ZrC -induced oxidation can be 
compensated for by increasing the volume fraction of SiC. 
 
4.1 Stagnant Air Oxidation Experimental 
Samples were prepared containing volume fractions of ZrB2, SiC, and ZrC according 
to Table 4.1. The S20Z0 sample was prepared as a baseline for ZrB2 – 20vol%SiC with 




effect of ZrC addition within the range of 0 to 20vol%, as well as the effect of varying the 
SiC:ZrC ratio. Stock ZrB2, SiC, and ZrC powders were prepared by ball milling 
commercially available powders with 12mm cylindrical yttria – stabilized zirconia media 
in ethanol as follows: ZrB2 (HC Starck, 2um, >99.8% purity) milled 24 hrs, SiC (Atlantic 
Equipment Engineers, <1500 grit) milled 24hrs,ZrC (Atlantic Equipment Engineers-100 
mesh, >99.8% purity) milled 48hrs. The average particle size was measured by laser 
diffractometry (Coulter Corp. TS230) and direct Scanning Electron Microscope (SEM) 
imaging (FEI Philips XL-40) and found to be 1.05±0.02μm for ZrB2, 0.92±0.02μm for 
SiC, and 2.1±0.1μm for ZrC. Powders were then added together in appropriate amounts 
for each sample composition, and 2.5vol% B4C (HC Starck, grade HS, 0.8μm) was added 
to all powder mixtures as a sintering aid to ensure near full densification. After being 
mixed in ethanol, the final powders were reclaimed with rotary evaporation.  
 
Table 4.1: Sample names and volume fractions used in this study. The number after S 
refers to the vol% SiC, and after Z the vol% ZrC. 






















Samples were sintered using a Centorr Testorr vertical hot press model ’93 under 
~1atm gettered argon. Samples of 4.75g powder were added to a 2cm diameter circular 
graphite die lined with graphite foil. A temperature profile of 40oC/min to 1000oC, 




room temperature was used. Uniaxial pressure of 50MPa was applied during heating at 
1700oC and removed at 1650oC during cooldown. After sintering samples were removed 
from the die and carbon residue removed by grinding on a 120grit SiC belt grinder. Final 
sample dimensions were ~19mm diameter by ~2.2mm thickness. 
Prior to oxidation tests, samples were polished with successively finer SiC abrasive 
paper ending in a finish at 1200 grit. Relative density for each billet was measured with 
the Archimedes method and in all cases exceeded 99%. Samples were then broken into 
several triangular shaped fragments for individual oxidation testing. Stagnant air 
oxidation was performed in a Carbolite RHF – 1600 box furnace. Samples were placed 
on an alumina plate and inserted into the center of the hot zone. Ramp rates of 5oC/min 
while heating and 7.5oC/min while cooling were used. Maximum temperatures of 800oC, 
1100oC and 1500oC with a 2 hour soak were used, and an additional fresh sample was 
oxidized at 1500oC for a 5 hour soak. After oxidation tests, samples were cross-sectioned 
by grinding away an edge and polished with 1200 grit SiC paper. Samples were sputter 
coated with gold for conductivity and the oxidation layer was imaged with SEM and EDS 
elemental mapping to determine the microstructure of the passivation later and 
distribution of atomic species. 
 
4.2 Stagnant Air Oxidation Results and Discussion 
Oxidation resistance correlated with ZrC volume fraction, regardless of SiC content. 
Images of the samples after the stagnant air oxidation tests are shown in Figure 4.1, and 
provide an overview of the extent of the oxidation of each sample. Samples in which the 




zirconia particles are visible on the surface of samples where the passivation layer failed 
to protect the underlying material. The S20Z0 samples exhibited the expected excellent 
oxidation resistance at all temperatures tested, with no significant oxidation visible at 
800oC and 1100oC (Figures 4.2 (a) and 4.2 (b)), and formed a protective borosilicate 
glass on the surface with the characteristic 40±15μm μm thick silicon depletion zone 
beneath in the samples oxidized at 1500oC (Figures 4.2 (c) and 4.2 (d)), comparable to 
reports in the literature.140  Addition of 5vol% ZrC in the S20Z5 samples had virtually no 
effect on the oxidation resistance compared to the S20Z0 case. No significant oxidation 
was present in the sample tested at 800oC (Figure 4.3 (a)) and a thin B2O3 protective layer 
shown by a depleted Si and Zr zone was observed on the sample oxidized at 1100oC 
(Figure 4.3 (b)). At 1500oC a continuous borosilicate layer and silicon depletion zone 
were observed and were of near identical thickness (40±15μm) to those in the S20Z0 










Figure 4.1: Photos of (left to right) S20Z0, S20Z5, S20Z10, S30Z10, S20Z20 before and 
after the oxidation tests. The white particles indicate zirconia formation, which is a rough 














Figure 4.2: Cross sectional SEM scan and accompanying EDS Zr and Si maps of the 























Figure 4.3: Cross sectional SEM scan and accompanying EDS Zr and Si maps of the 

















Increasing the ZrC fraction to 10vol% was significantly detrimental to the oxidation 
resistance at higher temperatures. For the S20Z10 samples, no change was visible in the 
sample surface or cross section when oxidized at 800oC compared to the S20Z5 or S20Z0 
samples (Figures 4.1, 4.4 (a)). When oxidized at 1100oC, a skin of B2O3 glass formed 
similar to the S20Z5 case (Figure 4.4 (b)), and small specks of zirconia were visible on 
the sample surface (Figure 4.1). After the 1500oC 2hr test, zirconia covered a significant 
fraction of the sample surface (Figure 4.1). The cross section of the sample in Figure 4.4 
(c) shows that while the borosilicate glass still forms at the surface of the sample, as 
evidenced by the visible glassy phase in the secondary electron image and high 
concentration of Si in the corresponding EDS map. The passivation layer did not fully 
protect the material below which formed a porous scale of zirconia particles embedded in 
borosilicate glass ranging from 120 to 200 μm thick across the cross section. An identical 
structure was observed in the sample oxidized at 1500oC for 5hrs (Figure 4.4 (d)), except 
that the scale thickness had increased to between 170 and 380μm, demonstrating that the 
scale was not protecting the underlying material and if left at high temperature for 
















Figure 4.4: Cross sectional SEM scan and accompanying EDS Zr and Si maps of the 


















Increasing the volume fraction of SiC to 30vol% did not significantly affect the 
oxidation resistance in the S30Z10 sample containing 10vol% ZrC. Cross sectional SEM 
– EDS mapping of the passivation layers in Figure 4.5 showed near identical behavior; no 
oxidation at 800oC, a thin B2O3 skin at 1100oC, and a thick oxide scale at 1500oC. Scale 
thickness ranged from 110 to 190μm in the 1500oC 2hr test and increased to 200 to 
280μm in the 1500oC 5hr test. The average scale thickness is slightly smaller for the 
S30Z10 samples than the S20Z10 samples, which suggests the increase in SiC may have 
slightly improved the oxidation resistance, and a larger volume of borosilicate glass was 
visible at the surface. However, these samples still had a significantly larger passivation 
region than the S20Z0 and S20Z5 cases, and continued to oxidize over time, making 






















Figure 4.5: Cross sectional SEM scan and accompanying EDS Zr and Si maps of the 

















The S20Z20 samples with the highest ZrC phase fraction of 20vol% possessed the 
overall worst oxidation resistance. At 800oC the sample remained intact, but patches of 
ZrO2 from ZrC oxidation events littered the surface (Figure 4.1). At 1100oC, the S20Z20 
sample was significantly more oxidized than those with lower ZrC volume fractions. The 
B2O3 layer broke down in certain areas, causing the formation of a porous oxide scale up 
to 75μm thick in areas across the surface (Figure 4.6 (b)). Both samples oxidized at 
1500oC for 2 and 5 hours had a continuous zirconia scale of visibly greater thickness and 
consistency than the samples with 10vol% ZrC (Figure 4.1). Cross sectional EDS maps 
(Figure 4.6 (c-d)) showed that this scale was a porous ZrO2 – borosilicate glass mixture 
identical to those observed in the S20Z10 and S30Z10 samples, but of greater thickness 
ranging from 230 to 390μm in the sample oxidized at 1500oC for 2hrs, and increasing to 
between 250 and 450μm for the sample oxidized for 5hrs. Also notable in these images is 
the presence of large voids in the oxide scale. While the silica rich glass surface layer and 
silicon depletion zones remained present, like the samples with 10vol% ZrC it was unable 

















Figure 4.6: Cross sectional SEM scan and accompanying EDS Zr and Si maps of the 











Figure 4.6: (continued) (c) 1500oC for 2 hrs, and (d) 1500oC for 5 hrs. 
 
 
ZrC oxidizes to ZrO2 and CO(2) starting at ~600oC, in a process that is known to 




to ZrO2, as well as the polymorphic phase transitions of ZrO2 at high temperature.47,70 
Based on these experiments, this process can significantly disrupt the borosilicate glass 
passivation layer formed by ZrB2 – SiC past a certain critical volume fraction of ZrC. The 
monoclinic to tetragonal phase transformation at 1170oC likely has no effect on this 
disruption as zirconia is also present during oxidation in ZrB2 – SiC and does not disrupt 
the passivation layer. The most probable mechanism for the observed disruption of the 
passivation layer is the CO(2) gas produced by oxidation of ZrC grains bubbling, 
rupturing the passivation layer, and enabling oxygen to penetrate further into the 
underlying microstructure. Evidence of this effect was observed by SEM scans of the 
surface of the S20Z10, S30Z10, and S20Z20 samples shown in Figure 4.7. In the dark 
grey area the surface skin of borosilicate glass is intact, and very little zirconium 
observed in the EDS spectra. The white area is an exposed zirconia cluster, while also 
visible are dimples in the borosilicate glass presumably from a CO(2) bubble bursting with 
more exposed zirconia at the bottom. Also present is an area where zirconia has almost 





Figure 4.7: Surface SEM scan and EDS maps of sample S20Z10 oxidized at 1500oC for 
5hrs. The dark grey is the borosilicate glass, while the white areas are zirconia. Also 
visible is an area where a CO(2) bubble burst, exposing the zirconia underneath. 
 
The critical factors influencing oxidation resistance appear to be the ZrC volume 
fraction and temperature. At small volume fractions of ZrC, ZrC oxidation events are 
unlikely to expose additional ZrC grains to further oxidation and the gap in the 
passivation layer can be filled by borosilicate glass from the surrounding ZrB2 or SiC 
grains. However, at higher volume fractions of ZrC, oxidation events are more likely to 
expose additional ZrC grains, which would then also catastrophically oxidize, further 
disrupting the microstructure integrity and exposing yet more ZrC in a self-reinforcing 
oxidation process. However, the fact that such runaway oxidation is not observed in the 
800oC and 1100oC samples with 10 and 20vol% ZrC indicates that simple geometric 
exposure of ZrC to air is not the mechanism behind the lowered oxidation resistance of 
these samples at 1500oC. Furthermore, in these samples the Si-rich borosilicate glass is 




gas bubbles from beneath, presumably from ZrC grains not in contact with the exterior 
atmosphere. This indicates that the runaway oxidation in these samples occurs by 
temperature dependent diffusion of oxygen through the borosilicate glass rather than 
geometric exposure of ZrC grains to the external atmosphere. At 1100oC this diffusion is 
evidentially slow enough that oxidation of the ZrC grains beneath the passivation layer 
does not occur. However, as the sample is further heated, the rate of diffusion increases 
allowing oxygen to reach deeper ZrC grains, oxidizing them, disrupting the 
microstructure, and releasing CO(2) gas. Voids produced by the gas and volume changes 
from the oxidation events would act as fast diffusion pathways for oxygen transport, 
increasing the diffusion rate to that of oxygen through CO(2) rather than through the 
borosilicate glass. In the samples with only 5vol% ZrC or at lower temperatures not 
enough gas would be produced to enable runaway oxidation, but at 1500oC in samples 
with greater ZrC content it forms a fast, interconnected, oxygen diffusion route 
facilitating the development of the large oxide scales observed by oxygen diffusing 
through the passivation layer and being directly introduced from bubbling events. 
 
4.3 Ablation Study Experimental 
The same powders and sample compositions from the previous section were used for 
the ablation tests. Samples were sintered using an Elatec HV vacuum hot press model ’88. 
Samples of 12.0 grams of powder were placed in a graphite die with a 1” square channel 
and lined with graphite foil. A temperature cycle of 10oC/min to 1850oC, 1hr hold time, 
and 15oC/min cooling rate to room temperature and uniaxial pressure of 50MPa applied 




sintering samples were removed from the die and carbon residue removed by grinding on 
a 120grit SiC belt grinder. Final sample dimensions were ~24mm edge by ~2.5mm 
thickness. 
Prior to ablation testing, samples were polished with successively finer SiC abrasive 
paper ending in a finish at 1200 grit. Relative density for each billet was measured with 
the Archimedes method and in all cases exceeded 98%. Ablation testing was performed 
in a setup constructed according to ASTM E285 – 08.141 Front temperature in the center 
of the ablation zone was measured with a two-color pyrometer (OS3750. Omega 
Engineering Inc) set to an emissivity of 0.9. A 10:12 slpm oxygen:acetylene ratio 
(leaving no unreacted O2 or acetylene) was used, with a 3mm diameter orifice held 25mm 
from the sample surface. Samples were tested for 30s after the flame hit the surface, and 
reached temperatures of 1800 to 2000oC after ~5s. Additional successive tests were 
performed if possible to obtain mass gain curves, however most samples cracked apart 
after the second test, rendering them unusable. After the ablation tests, samples were 
cross sectioned and polished with 1200 grit SiC grinding paper. Samples were sputter 
coated with gold for conductivity and the oxidation scale imaged at locations distributed 
across the sample with SEM, and EDS elemental mapping was performed to determine 
the distribution of chemical compositions.  
 
4.4 Ablation Results and Discussion 
The samples before and after ablation tests are shown in Figure 4.8. The sample 
characteristics and mass loss after each test is tabulated in Table 4.3. Due to the high 




temperatures, the mass loss numbers do not give a good comparison of the ablative 
properties. While the S20Z0 sample remained intact for a total of four ablation tests, the 
S20Z5 and S20Z20 samples broke in half after two tests, and the S20Z10 and S30Z10 
after one. However, taking these variances into account, the thickness and structure of the 
ablated zones can give a suitable comparison of the relative ablation resistance of the 
samples. The structure of the ablation layer at the edges of the sample, outside the 
maximum temperature zone, was similar to the stagnant air oxidation case discussed in 
the previous section for each sample. Drawing closer to the ablation zone center, the 
amount silica glass phase is reduced from temperature and ablative effects, until reaching 
the solid white zone in the center where it had completely evaporated from the surface. 














Table 4.2: Maximum temperatures and mass change for ablation tests. 
















































The cross sectional secondary electron images with accompanying Zr and Si EDS 
maps for the central ablation zone in sample S20Z0 are shown in Figure 4.9. The 
borosilicate glass layer seen around the outer edges of the sample and in the stagnant air 
oxidation samples is not present, having evaporated at the high temperatures of the test. A 
porous, columnar ZrO2 scale remains, and as can be seen in the EDS maps, is depleted of 
silicon. The ZrO2 scale’s maximum thickness was 220±10μm, and beneath it the 
underlying material remained intact. While the thickness of the scale is larger than in the 
other samples, this is because the S20Z0 sample underwent more ablation tests than the 
other samples (a total of 4), and does not reflect poorly on its ablation resistance 
compared to the other samples. The ablation scale on the S20Z5 sample, while only 
80±5μm thick due to the lower number of ablation tests it experienced (a total of 2), 
exhibited a similar structure (Figure 4.10). Columnar ZrO2 grains formed a similar 







Figure 4.9: Cross sectional secondary electron image and EDS elemental maps of the 
center of sample S20Z0 (ZrB2 – 20vol% SiC) after ablation testing. 
 
 
Figure 4.10: Cross sectional secondary electron image and EDS elemental maps of the 





Similar to the stagnant air oxidation behavior, increase of the ZrC volume fraction to 
10% noticeably decreased the ablation resistance of the composite. In the S20Z10 and 
S30Z10 samples (Figures 4.11 and 4.12), the ablation scale thickness increased to 130 
and 120μm respectively compared to the 80μm thick layer observed on the S20Z5 
sample, despite the fact that these samples underwent only one ablation test compared to 
S20Z5’s two tests. Examination of the microstructure of the ablation scales reveals the 
presence of comparatively large ZrO2 grains not observed in the S20Z5 and S20Z0 
samples, as well as the presence of ZrO2 “pustules” on the surface of the scale. 
Qualitatively, the zirconia scales appear to be more porous, with a large void visible in 
the S20Z10 sample. 
 
 
Figure 4.11: Cross sectional secondary electron image and EDS elemental maps of the 
center of sample S20Z10 (ZrB2 – 20vol% SiC – 10vol% ZrC) after ablation testing. Note 







Figure 4.12: Cross sectional secondary electron image and EDS elemental maps of the 
center of sample S30Z10 (ZrB2 – 30vol% SiC – 10vol% ZrC) after ablation testing. 
 
Increase of the ZrC content to 20vol% in the S20Z20 sample further degraded the 
ablation resistance. The ablation scale thickness increased to a maximum of 200μm after 
only two tests, comparable to the thickness of the S20Z0 scale after four tests and over 
twice that of the S20Z5 scale after two tests. The microstructure of the scale (Figure 4.13) 
is even less desirable, with several large voids and numerous abnormally large grains 






Figure 4.13: Cross sectional secondary electron image and EDS elemental maps of the 
center of sample S20Z20 (ZrB2 – 20vol% SiC – 20vol% ZrC) after ablation testing. 
 
The ablation resistance as a function of ZrC content corresponds to the oxidation 
resistance examined in the previous section. Addition of 5vol% ZrC to the composite 
does not appear to significantly impact ablation resistance, but further increase to 10 and 
20vol% ZrC causes an undesirable increase in the ablation scale thickness. While 
bubbling induced rupture of the borosilicate glass phase is not a serious problem at 
temperatures where the glass phase is quickly evaporated, the CO(2) gas formation from 
ZrC oxidation events noticeably degrades scale quality possibly by inducing void 
formation as evidenced by the voids seen in the 10 and 20vol% ZrC samples. Likewise, 
increasing the SiC volume fraction from 20 to 30% does not significantly enhance 
ablation resistance, probably because the borosilicate phase is volatile at the test 
temperatures. While the influence of ZrC on ablation behavior is not as quantitatively 
clear as in the stagnant air oxidation case due to the varying number of runs and the 




examination of the scale microstructure shows that, in addition to the detrimental effects 
at the low temperature zones on the edges of the sample, addition of ZrC past 5vol% 
reduces the ablation resistance of ZrB2 based composites. 
 
Table 4.3: Maximum ablation scale thickness for each sample after final ablation test. 
Sample vol% ZrC # of tests Max Scale Thickness (μm) 
S20Z0 0 4 220±10 
S20Z5 5 2 80±5 
S20Z10 10 1 130±5 
S30Z10 10 1 120±5 
S20Z20 20 2 200±10 
 
4.5 Conclusion 
The oxidation and ablation resistance of ZrB2 – SiC – ZrC composites as a function 
of ZrC content and the ZrC:SiC ratio was evaluated with stagnant air oxidation and 
oxyacetylene torch ablation tests. Incorporation of 5vol% ZrC did not measurably 
degrade oxidation or ablation performance, but higher levels of ZrC reduced both through 
void formation from the CO(2) gas produced by ZrC oxidation events, regardless of the 
level of SiC present. While this issue may be somewhat alleviated by reducing the 
average size of the ZrC grains, as long as a significant volume fraction of the composite 
is ZrC these events should remain. As such, ZrB2 based composites with a ZrC content 




CHAPTER 5. FIELD-ASSISTED SINTERING OF SOLID STATE LITHIUM ION 
BATTERY MATERIALS 
A flash sintering apparatus was constructed and used to investigate the effect of field-
assisted sintering on solid state Li-ion battery materials. Li1.3Al0.3Ti1.7(PO4)3 (LATP) was 
selected as the test electrolyte material due to its ease of synthesis, stability in air, and the 
large volume of literate on sintering it with SPS. For experiments on field-assisted 
sintering of cathode – electrolyte interfaces, LiFePO4 (LFP) was selected as the cathode 
material due to its ease of synthesis and similar chemistry to LATP. Field-assisted 
sintering was performed at several different voltages on both LATP and LATP – LFP 
bilayers and the resultant physical and electronic properties examined. 
 
5.1 Flash Sintering Furnace Design 
The flash sintering furnace was constructed from a Lindberg SiC – element alumina 
tube furnace modified to accommodate the electrodes while remaining environmentally 
sealed. The system setup is shown in Figure 5.1, and operating instructions are given in 
Appendix 3. In general, the purpose of the furnace is to apply an electric voltage across a 
sample at a set temperature. To this end, it is necessary for the sample to be in good 
electrical contact with the electrodes and isolated from any possible shorts. As alumina is 
electrically conductive at high temperatures, it is also necessary to suspend the electrodes 




a dog bone specimen suspended by platinum wires.25 However, such a shape is difficult 
to fabricate, and may be affected by nonlinear electric fields around the points of contact. 
 
 
Figure 5.1: Schematic of the furnace setup used to sinter all samples. The sample is 
suspended in pellet form between two nickel electrodes in the hot zone and connected to 
an external power supply. 
 
In order to minimize any edge effects, the sample was placed between two rod-shaped 
electrodes suspended within the tubes by nonconductive mullite spacers set away from 
the hot zone. Graphite rods were selected for use in argon due to their low cost and 
resistivity. Oxidation resistant Inconel HX nickel rods from McMaster-Carr were used for 
operation in air. The resistance of the setup was measured at operating temperatures with 
the electrodes in and out of contact to verify that there was no electrical leakage in the 
system and measure the electrode resistance, which was below the meter’s lower 
detection limit of 0.5Ω. While more mechanically complex than the dog-bone setup, this 
approach allows for more easily produced cylindrical samples to be sintered. It is also 
important to note that the large, thermally conductive electrodes in contact with the 




on the sample temperature. While the operating powers for the materials studies so far are 
too low to cause any significant joule heating, this factor should be taken into account if 
experiments are done with this setup at higher power levels. 
 Samples were initially attached to the electrodes with a graphite paste, however in 
some systems this caused carbon to diffuse into the system. In these instances, boron 
nitride spray or a slurry of the ceramic powder and deionized water was used to attach the 
sample to the electrodes. In order to prevent the sample from falling out of contact with 
the electrode during operation from thermal expansion, it was necessary to compress the 
rods against each other using spring reinforced against the brass end caps. As the spring 
tension was low and the electrodes only gently pressed together, the maximum possible 
applied pressure was calculated to be 0.16MPa, too low to significantly influence 
densification.31 
The electrodes were wired to external terminals inserted through holes drilled through 
the end caps and sealed with epoxy. During operation the hot zone can be continually 
purged with argon or nitrogen inert gas. Any power supply with appropriate connectors 
can be used to supply the electric voltage across the sample. For the experiments 
performed, a GW Instek GPC 30300 DC power supply capable of 33V and 3A was 
utilized, but a Variac 3PN AC power supply capable of 120V and 10A was also tested 
with the setup. System current is monitored with a Kiethley 199 System DMM, and 





5.2 LATP Solid Electrolyte Experiments 
LATP powder was synthesized according to the calcinations procedure first 
developed by Aono et al.142 LiCO2, Al2O3, TiO2, and NH4H2PO4 were mixed in 
stoichiometric amounts and ball milled in ethanol for 24 hours using spherical 2.5mm 
diameter yttria-stabilized zirconia milling media. After milling the powders were 
reclaimed by evaporative drying and calcined in an alumina crucible at 900oC for 2 hours. 
The resulting LATP powder was ball milled in ethanol for 24 hours before use. YSZ 
impurity from the milling media was estimated to be less than 1wt% by weight loss of the 
media. X-ray diffraction (XRD) and Scanning Electron Microscope (SEM) scans of the 
finished powder were taken with a Bruker D8 and Technai XL-40 FE-SEM respectively 
to verify phase composition, measure particle size, and check for impurities. 
LATP pellets were cold pressed at 200MPa for 15s into 12.7mm diameter by 4mm 
thick cylindrical pellets which were individually inserted into the flash sintering furnace 
using nickel electrodes and attached to the end with a slurry of LATP powder and 
deionized water. Samples were sintered at 900oC for three hours with a heating rate of 
20oC/min. Once 900oC was reached, a constant DC electric potential of 0, 2, 10, or 20V 
was applied for the duration of the soak. The power supplied to the samples was below 
1W, which is not sufficient to cause any significant resistive heating. Three samples were 
sintered at each voltage to ensure reproducibility. 
After sintering the ceramic pellet was removed from the furnace and any residual 
contamination from the contact with the electrode ground away. The bulk of the samples 
were checked again with XRD and energy dispersive spectroscopy (EDS) to verify that 




spectroscopy measurements were made using a Solartron SI 1287 Electrochemical 
Interface and 1252A frequency response analyzer over a frequency range of 300kHz to 
1Hz at an amplitude of 25mV. The opposing faces of the samples were painted with a 
silver suspension (TedPella) to insure good electrical contact and clamped between the 
leads on the setup. A semicircle with extended tail was observed, which is consistent with 
the electronic response from other publications.114,116 The resistance was calculated with 
Zview software using a fit to an Rs – (CPE – Re) equivalent circuit, and the conductivity 
was calculated from the real intercept of the semicircle and the sample dimensions. After 
the impedance spectroscopy measurements, the samples were broken in half and 
SEM/EDS scans of the fracture surfaces were performed to check for non-visible metal 
contamination from the electrodes and to examine the microstructure. The relative 
density was measured by polishing a fragment with 0.25μm diamond paste, imaged the 
surface with SEM and measuring the areal fraction of porosity at several points across the 
sample. 
 
5.3 LATP Results and Discussion 
The XRD spectra of the powder produced by solid state reaction (Figure 5.2) showed 
a distinct pattern of NASICON peaks slightly offset from that of LiTi2(PO4)3,143 verifying 
that the correct crystal structure had been produced by the reaction. Other than a small 
peak around 27 2θ suspected to be from unreacted TiO2, no additional peaks were 
observed indicating that the powder was relatively pure. EDS spectra of the powder 
(Figure 5.3) showed the presence of oxygen, titanium, aluminum and phosphorus, but 




elements were observed, verifying that LATP powder had been produced and was 
chemically pure. The average powder size after ball milling as measured by direct SEM 
images was 670±25nm. Aside from a thin iron/nickel oxide scale at the point of contact 
with the electrodes which was ground away, XRD and EDS scans of the samples likewise 
showed no contamination after the sintering process.  
 
 






Figure 5.3: EDS spectra of the LATP powder. 
 
The relative densities of the sintered samples (Table 5.1) ranged between 86% and 
95.5%, and scaled with the applied voltage. The samples sintered at 0V and 2V had 
similar relative densities of 86% and 89%. Likewise, the two samples sintered at the 
higher voltages of 10V and 20V had similar densities of 94% and 95.5% respectively. 
Examination of the microstructure through SEM imaging of cross-sectional fracture 
surfaces (Figure 5.4) revealed similar effects on the grain size and shape. The samples 
sintered at 0V and 2V (Figures 5.4 (a) and 5.4 (b)) possessed roughly equiaxed grains 
similarly sized and shaped to that of the green powder (Figure 5.5). A large amount of 
porosity is visible, consistent with the density measurements. The microstructures of the 
samples sintered under 10V and 20V are visibly different (Figures 5.4 (c), 5.4 (d)). Their 
grains are much more closely packed, reflecting the increase in relative density. 




the grains are now highly faceted and several abnormally large grains visible. Overall, 
application of a DC voltage during sintering lead to an increase in density, altered grain 
morphology, and induced abnormal grain growth, with the magnitude of these effects 
being enhanced by an increase in applied voltage.  
 
Table 5.1: Density and conductivity of samples. 
ΔV ρrel σ (S·cm-1) 
0V 86 4.76E-04 
2V 89 4.37E-04 
10V 94 1.31E-04 







Figure 5.4: SEM images of the fracture surfaces of samples sintered under a) 0V b) 2V c) 
10V d) 20V. 
 
 
Figure 5.5: SEM image of green LATP powder after ball milling. Acc. Voltage = 10kV, 





Room temperature complex impedance spectra, while different between the sets due 
to varying sample thickness and density, showed the same general trends towards higher 
resistance at higher applied voltage. Spectra representative of these trends from a single 
set of samples are shown in Figure 5.6. The conductivity of the samples (normalized for 
thickness) decreased with the applied voltage during sintering from an average of 4.8·10-4 
S/cm at no applied voltage to a minimum of 1.3·10-4 S/cm at 20V as recorded in Table 
5.1. This matches with the previous reports in the literature of the conductivity of LATP 
scaling inversely with grain size in samples sintered by SPS.114 However, these 
experiments attributed the increased conductivity to lower grain boundary resistance and 
increased relative density. A similar increase in relative density was observed in the 
samples sintered under high applied voltage, and furthermore, the high grain boundary 
resistance of LATP would seemingly imply that the abnormally large grains observed in 
the 10V and 20V samples should further increase conductivity compared to the 0V and 






Figure 5.6: Complex AC impedance spectra representative of samples sintered under the 
four different applied DC voltages. As the applied voltage increased, the Z’ intercept, and 
thus resistance increased, indicating a lower conductivity in these samples. 
 
The solution to this apparent contradiction can be found with the grain morphology; 
in the previous literature it is generally accepted that good grain to grain contact is 
necessary for high conductivity.115,116,144 The large, highly faceted grains in the 10V and 
20V samples would reduce the area of contact from the traditional necks between 
spherical particles in the 0V and 2V samples to intersections between facets, causing an 
increased separation between the grains. Similar behavior has been observed by Duluard 
et al., who concluded that the cohesion of large grains of LATP was less than that of 




similarly larger, faceted grains.115,145 Thus, even with the increase in relative density, the 
change in grain morphology causes field-assisted sintering of LATP to be a net detriment 
to its electronic properties unlike the SPS experiments in the literature. 
To our knowledge, this is the first attempt to study the influence of a steady state DC 
electric field on sintering of solid state Li-ion battery materials. The effects on 
microstructure and density are markedly different from comparable experiments in the 
literature on other materials. Studies by Francis et al. on the effect of electric fields in 
FAST and flash sintering on Yttria-stabilized Zirconia and other ionic oxides have 
observed that application of an electric field restrains grain growth, leading to an increase 
in sinterability due to the inverse relationship between sintering rate and grain 
size.13,22,23,146 However, in the presently examined LATP samples, application of an 
electric field in the absence of high heating rates and pressures during sintering caused 
abnormal grain growth and alterations to the grain morphology alongside an increase in 
relative density. This behavior is inconsistent with the model of grain growth retardation 
via localized grain boundary heating proposed to explain the behavior of YSZ materials 
under applied voltages.13 
The faceted microstructures observed in the samples sintered under 10V and 20V 
could imply that the applied voltage is significantly enhancing surface diffusion, which 
would explain the abnormally large grains and the grain morphology. However, as 
surface diffusion is non-densifying, other mechanisms must be at work as well to account 
for the increased density. One possible mechanism could be electromigration of charged 
atoms or vacancies, but such a phenomenon would be expected to produce significant 




axis of the electric field, which were not observed. Another could be electric field 
enhanced mobility of grain boundaries, but this also should lead to enhanced grain 
growth along the axis of the applied voltage. Regardless of the mechanisms at work, this 
different microstructure development under an applied voltage implies that different 
types of ceramics can have completely different responses to applied electric fields, even 
within ionic materials. If a complex phosphate such as LATP responds differently from a 
simpler oxide such as Zirconia or Alumina, the response of other materials such as 
covalent ceramics such as carbides or nitrides should be expected to be similarly different. 
In order to fully understand the mechanisms behind FAST, individual examination of 
each of these classes of materials to ascertain their response and compare is necessary. 
For LATP and solid state electrolytes in particular, further investigation of the effects of 
the applied voltage on the in-situ densification over time and temperature are needed to 
fully understand their sintering behavior.  
 
5.4 LATP Conclusion 
The effects of applied DC voltages of 0V, 2V, 10V, and 20V during sintering on the 
densification, microstructure, and conductivity of all solid LATP electrolyte were 
examined. The applied voltage strongly influenced density, grain size, grain morphology, 
and conductivity. Higher voltages increased the relative density from 85% at 0V to 95.5% 
at 20V, but also caused abnormal grain growth and highly faceted grains. This reduced 
the conductivity of the samples sintered at higher applied voltages from ~4.10-4 S·cm-1at 
0V to ~1.3.10-5 S·cm-1at 20V, which was attributed to poor grain to grain contact in their 




electric field was different than that of literature reports of conventional oxides such as 
yttria-stabilized zirconia, with grain growth enhanced instead of restrained alongside the 
increased densification. This implies that the applied voltage activates a different, 
currently unknown set of mechanisms in solid state electrolyte materials. 
 
5.5 Cathode Electrolyte Interface Experiments 
LiFePO4 was synthesized via sol-gel synthesis from a stoichiometric iron oxalate 
(FeC2O4 · 2H2O) , lithium carbonate (Li2CO3), and ammonium dihydrogen phosphate 
(NH4H2PO4) in a 1:1 total mole ratio citric acid solution. The suspension was stirred at 
90oC for approximately 1hr until gelled, and then dried at 115oC for 24hrs. The resultant 
gel film was ground with a mortar and pestle and placed in an alumina boat in an 
environmentally sealed SiC element alumina tube furnace. The furnace was purged with 
flowing N2 gas (99.995% purity) at 25cm3/min for 30 min, which was subsequently 
reduced to 5cm3/min and then heated to 600oC for 6hrs. The resulting powder was ground 
with mortar and pestle and then ball milled in ethanol with spherical 2.5mm diameter 
yttria stabilized zirconia media for 24 hour before being checked with XRD to ensure 
purity. 
Green bilayer LATP/LFP disks were produced by the following procedure: First, 0.5g 
LATP powder was poured into a 0.5” stainless steel die and lightly compacted by hand to 
ensure a flat surface. The top punch was removed, and 0.5g LFP powder was then poured 
on top of the lightly compacted LATP powder. The pellet was then compressed at 




LATP and LFP halves was noted in the green pellets, and thus no polymer binder or 
water/ethanol additions were necessary to ensure adhesion. 
LATP/LFP samples were sintered in the flash sintering furnace setup under flowing 
argon at a heating rate of 10oC/min to temperatures of 750oC, 800oC, 850oC, and 900oC 
for a three hour soak to determine the effect of temperature on delamination. Above 
800oC, the LATP and LFP halves would delaminate due to the different shrinkage 
between the materials (Figure 5.7). Samples were sintered at 800oC with 5V DC applied 
for the duration of the soak, cross sectioned and compared with samples sintered under 





Figure 5.7: Camera photo of a LATP – LFP bilayer sintered at 900oC exhibiting cracking 
and delamination. 
 
5.6 Cathode Electrolyte Interface Results and Discussion 
The delamination of the LATP and LFP halves at high temperatures appears to be a 
result of different densification rates between the two materials. The LFP half 
evidentially shrinks faster than the LATP as can be seen in Figure 5.7, causing cracking 
and delamination. While these effects can be alleviated by lowering the soak temperature 




evidenced by the lack of shrinkage and visible porosity in the sample microstructures. 
Comparison between the samples sintered at 0V and 5V at 800oC found no difference in 
density, microstructure, or interface. Furthermore, unlike the SPS experiments by Nagata 





Figure 5.8: SEM and EDS elemental maps of (a) LATP-LFP bilayer interface sintered at 






Figure 5.8: (continued) (b) LATP-LFP bilayer interface sintered at 800oC under 5V. 
 
Likely, the lack of any apparent effect of the applied voltage on microstructure or 
interface development in these experiments is due to the low soak temperatures used, as 
evidenced by the low densification of the LATP and LFP halves visible in Figure 5.9. As 
the temperature was not sufficient for enough mass flow to significantly densify the 
material, it is unlikely that the applied electric field was strong enough to influence the 
sintering mechanisms as they were not at work in the first place. However, if significant 
densification was present, the different densification rates of the two layers would cause 
delamination and cracking, also interfering with the results. As such, it is apparent that 










Figure 5.9: SEM images of the cross section surface of a LATP – LFP bilayer sintered at 
800oC for 3hrs showing (a) the LATP half and (b) the LFP half. Note the low level of 




CHAPTER 6. CONCLUSIONS AND FUTURE WORK 
6.1 Discussion of ZrB2 Studies and Results 
The relationships between composition, sintering method, and end physical and 
mechanical properties of ZrB2 based composites were explored. The focus was on the 
effect of ZrC additions when hot pressed, spark plasma sintered, and reaction sintered. 
Previous reports in the literature had found that ZrB2 – ZrC – SiC composites possessed 
advantageous properties including high fracture toughness and hardness. However, the 
mechanism for this and the general effect of ZrC on the microstructure and mechanical 
properties independent of SiC had not been systematically examined. Furthermore, the 
effect of ZrC on the sinterability of ZrB2 by SPS and hot pressing was likewise unknown. 
Finally, the oxidation resistance of ZrB2 – SiC – ZrC composites as a function of ZrC 
volume fraction and ZrC:SiC ratio also remained largely unexamined.  
 For the materials sintered with SPS, there was little difference between heating rates 
from 100oC/min to 500oC/min, and other than processing time SPS produced no 
discernable advantage compared to hot pressing. While effects on microstructure and 
sintering may be seen by using a finer nano-scale green powder, at the ~2μm average 
particle size used there was little discernable effect. The wide variations in the final 
density and grain size of the samples produced by SPS were theorized to be due to poor 




examination and modification of the sintering equipment and parameters was impractical, 
leading to the development of alternate field-assisted sintering equipment at Purdue. 
Zirconium carbide was found to be beneficial for the flexural strength of ZrB2 
composites by increasing intergranular fracture, and thus crack path tortuosity. Unlike 
SiC, ZrC has a near identical CTE to ZrB2, and thus lacks the detrimental residual 
stresses found in ZrB2 – SiC composites. Consequently, the strength of ZrB2 – ZrC 
composites is dependent on the overall average grain size as opposed to the ZrC grain 
size. ZrB2 – ZrC composites sintered by both SPS and hot pressing possessed higher 
flexural strength than ZrB2 – SiC composites at similar volume fractions of the secondary 
phase, despite having greater porosity and average grain size. These experiments suggest 
that ZrC is an excellent secondary phase for the purpose of increasing the mechanical 
properties of ZrB2 composites, mainly due to the lack of any CTE mismatch. 
The utility of the high temperature reaction between ZrB2 and TiC was discovered 
and its mechanisms and effects examined. The reaction consumed the starting powder 
and precipitated new grains, lowering the average grain size and restraining grain growth 
compared to conventional hot pressing. At high volume fractions of TiC, the final 
average grain size was observed to be lower than the green average powder size. The new 
surfaces created by this process would likely be free of the coarsening oxides present on 
ZrB2 and ZrC powders, enhancing densification and reducing coarsening from ZrO2 and 
B2O3 surface oxides. It is also possible as evidenced by the porosity concentrated in the 
TiB2 cluster in the samples with 30vol% TiC that the Zr:Ti atomic diffusion from the 
solid solution process enhanced densification through lattice diffusion. Overall, this 




with advantageous mechanical properties from the high ratio of ZrxTi1-xB2:ZrC grain 
sizes observed at 10vol% TiC. While such materials would also need SiC incorporated 
into the microstructure for oxidation resistance, preliminary experiments found that as 
much as 30vol% SiC could be added to the ZrB2 – TiC green powder without 
significantly affecting the reaction. However, in the TiC reaction sintering the Zr1-xTixB2 
solid solution possesses a different CTE from ZrB2, causing strength to be limited by the 
ZrC grain size. Thus, even though advantageous microstructures were produced, the main 
advantage of using ZrC as a secondary phase over SiC was lost. For future reaction 
sintering experiments with ZrB2 it is important to keep in mind the effects such solid 
solutions may have upon the material CTE, and thus the residual stress state. 
Poor oxidation resistance was found to be the limiting factor for ZrC additions. 
Fractions at or greater than 10vol% ZrC caused a breakdown in the passivation layer at 
temperatures as low as 800oC, leading to formation of an unstable oxide scale. While the 
size and dispersion of the ZrC grains could somewhat affect exactly where the critical 
fraction of ZrC lies, there appears to be a geometry dependent hard limit around 10 - 
20vol% ZrC beyond which the composite would be unsuited for hypersonic or other high 
temperature oxidizing applications. 
 
6.2 Proposed Work on ZrB2Composites 
While substantial progress has been made in understanding three-phase ZrB2 – ZrC – 
SiC composites, further investigation is required for complete comprehension of the 
influence of ZrC on key properties. The influence of ZrC phase fraction on mechanical 




size on these properties needs to be examined. Unlike ZrB2 – SiC, reduction of the ZrC 
grain size would not lead to a reduction in residual CTE mismatch stresses, but may 
modestly increase in flexural strength and hardness due to the decreased average grain 
and thus critical flaw size. However, changes to the ZrC grain size may also decrease 
fracture toughness by enhancing transgranular fracture and decreasing crack path 
tortuosity. Such examination would require refurbishing or procurement of a new 4-pt 
bend fixture, as the fixture used was found to align itself at loads higher than those 
required to break knoop indented fracture toughness bend bars, resulting in inaccurate 
measurements. Reduction of the ZrC grain size may also lead to a slight enhancement of 
the oxidation resistance by lessening the microstructure disruption and volume of gas 
produced from individual ZrC oxidation events. 
The high temperature mechanical properties such as modulus, creep behavior, and 
strength of ZrB2 – ZrC – SiC composites and their dependence upon ZrC content and 
grain size are also near totally unexplored. Experiments designed to adapt the Centorr 
Testorr Hot press with a high temperature graphite 3-pt bend fixture or creep fixture 
could probe these variables and examine the effects of ZrC incorporation on such high 
temperature mechanical properties. However, the ZrC composition range would be 
constrained by the ~10vol% ZrC oxidation limit. 
The ZrB2 – TiC reaction may be advantageous for producing Zr1-xTixB2 – SiC – ZrC 
composites with a fine ZrC grain size for high oxidation resistance. The reaction should 
also be examined for utility in pressureless sintering. By reducing the average particle 
size and exposing new surfaces, it is possible that the reaction could be leveraged to 




B4C sintering aids. However, mechanically Zr1-xTixB2 – ZrC – SiC composites would be 
constrained by the SiC grain size (assuming it is larger than the ZrC grain size), and due 
to the increased CTE of the Zr1-xTixB2 phase may possess worse mechanical properties 
than ZrB2 – ZrC - SiC composites. Similar potential high temperature reactions between 
carbide and boride materials with dissimilar crystal structures should be examined for 
utility from similar microstructure effects. One possibility would be using ZrC and 
silicon tetraboride or hexaboride as starting materials, which might produce similar 
microstructural effects in the resultant ZrB2 - SiC while avoiding forming the Zr1-xTixB2 
solid solution. 
The effects of the ZrB2 – TiB2 interdiffusion process on densification and grain 
growth are also not presently fully characterized. While there have been several recent 
studies on the properties of Zr1-xTixB2 materials, these have all been performed at fixed 
Zr:Ti ratios and did not examine the effect of the interdiffusion on sintering.132,133,136,147 
These studies suggest a non-linear effect on hardness, electrical, and thermal properties, 
but such effects are not yet verified. Furthermore, while there is some evidence that the 
interdiffusion enhances densification, this has also not been verified. Finally, the effects 
of the solid solution on the modulus and high temperature mechanical properties such as 
creep are unknown. A series of hot pressing experiments carefully examining 
densification behavior and microstructure performed on powder compositions ranging 
from 100% ZrB2 to 100% TiB2 as well as their subsequent physical and mechanical 





6.3 Flash Sintering Experiments and Proposed Work 
A field-assisted sintering furnace setup was constructed and used to test the effects of 
applied voltages on sintering and microstructure development of solid state lithium ion 
battery materials. While versatile and applicable to many systems, several improvements 
to the furnace design could be made. The contact material should be changed to avoid 
issues of sample contamination. Graphite and nickel electrodes have a tendency to diffuse 
into the sample, and in the case of nickel are limited to temperatures of ~1000oC before 
oxidation becomes an issue. Furthermore, the high thermal conductivity of these 
materials could lead to significant thermal gradients between the measured temperature 
by the thermocouple and the actual sample temperature. Platinum would be the ideal 
electrode contact material as it is conductive, nonreactive, and stable up to extremely 
high temperatures. However, due to extreme cost, platinum rods would not be a practical 
solution. For the electrode, an alumina rod would be ideal as it has a low thermal 
conductivity and is similarly nonreactive, but would be hampered by low electrical 
conductivity.  An ideal solution would be to mate these two systems by using alumina 
rods capped with platinum electrodes on the end, connected to the output system with 
platinum/copper wires. Such a design would minimize cost and maximize electrode 
stability and performance. 
Another potential improvement would be for measuring the linear shrinkage of the 
system. A dilatometer attached to the end of an electrode and connected to a digital 
recording device would be ideal for measuring in-situ displacement curves to determine 
at what temperature sintering begins and when densification is complete. Thermal 




displacement curve of the system with a fully dense sample, or by using the displacement 
measured during cooling. Connecting a dilatometer to the end of the setup should be a 
relatively simple matter, however, keeping the system closed for argon purge might be 
difficult. 
Research in the field of solid state lithium batteries has shown an applied DC voltage 
increases relative density and causes abnormal grain growth in the LATP solid electrolyte. 
However, due to poor grain to grain contact this is actually detrimental to its electronic 
properties. Research on LATP/LFP cathode electrolyte interfaces was impractical due to 
delamination of the interface from differing sintering rates. A different, more compatible 
cathode material should be selected, preferably with the same NASICON crystal structure 
as LATP. Possible candidates would include Li3Fe2(PO4)3, which should be fairly simple 
to synthesize. Once these modifications are complete, experiments can be repeated and 
the potential effects of field-assisted sintering on solid lithium ion battery interfaces 
assessed. 
The field assisted sintering and flash sintering effects should also be investigated 
using the flash sintering setup. The LATP results indicate that FAST sintering can 
activate different sintering mechanisms in different materials systems. Further complex 
oxide materials such as solid state Lithium ion batteries and perovskites should be 
examined in greater detail to compare their response to electric currents, both between 
themselves and to the conventional oxide ceramics. Covalently bonded ceramics should 
also be examined, however many of these materials possess extremely high sintering 
temperatures not suitable for use in the present furnace. However, some of the nitride 




the present equipment, and should be examined. Bulk metals should also be examined for 
a response to field assisted sintering, as there has been no investigation of their sintering 
behavior under FAST conditions. Careful experimentation on the densification behavior 
of these materials under electric fields should help illuminate both the mechanisms at 
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Appendix A “Big Blue” Standard Operating Procedure 
 
Figure A.1: Front view of the hot press setup. 
 
 





1.1. When you enter the room all electrical/water systems should be turned off. The 
main chamber should be under vacuum. Check the vacuum gauge (Figure A.3) to 
make sure. 
1.2. Turn on the four water valves and the green compressed air valve (Figures A.4, 
A.5) 
1.3. Turn on the compressed air tube so that it is blowing on the inductor (Figure A.5). 
The box may overheat and become hot to the touch if this is not done. 
1.4. Flip the breaker for the control box power on 
1.5. Turn CONTROL POWER switch to ON 
1.6. Open the Argon/Nitrogen tank 
1.7. Turn the PRESS MODE switch to ON. The RAM CONTROL DCP has a dead 
battery which we cannot replace. The controller parameters must be manually 
reset every time you turn it on to operate properly according to the instructions in 
section 13, DMM reset procedure. 
 
 






Figure A.4: Compressed air valve and two water valves. 
 
 





Figure A.6: Compressed air setup blowing on capacitor/inductor. 
 
 
2. Venting the main chamber 
2.1. Loosen and swing out the C – clamps on the main chamber door using a large 
crescent wrench 
2.2. With Argon: Open the Argon gas valve and needle valves on the back of the 
chamber (Figure A.7). Wait until the door swings open, then close both valves 
2.3. With Air: Open the black vent valve behind the chamber 
2.4. On the front panel under MANUAL VALVE MODE, switch FORELINE and 
ROUGH to OPEN. Press and hold the VALVE MODE button until the 
chamber is fully vented; the door should swing open slightly. 
2.5. Hold until the main door swings open. Close the vent valve and MANUAL 






















3. Sample Insertion  
3.1. WEAR GLOVES when handling anything that goes in the furnace. DO NOT 
handle the furnace interior, dies, or anything else that goes in the furnace with 
bare hands. DO NOT insert anything volatile into the furnace, or something 
that could melt at the temperatures you will be running at. 
3.2. Samples are inserted into the die in powder form. Schematics of the 1” square 
die and 1cm circular die are shown in figures A.8 and A.9 respectively 
Graphite foil should be used to line the die surfaces that are in contact with the 
sample to prevent the sample from sticking to the die. Pour the powder into 
the die and then place the top punch in it and press down as shown in figure 
A.10. Additionally, graphite shims should be used at the top and bottom of the 
die to prevent the punches from deflecting out of line from the column. Once 
complete, the graphite punches should not be able to be moved laterally. 
3.3. Once set up, the graphite die can be placed into the surrounding collar and 
sleeves as shown in Figure A.10 and inserted into the sample chamber. 
Carefully hold the assembly from the bottom to prevent any parts from 
slipping out. Place the die assembly on the pedestal inside the furnace, and 
rest the bottom of the die against the top of the bottom ram. The central 
sleeves should slip down and surround the bottom ram, push them down if 
they don’t fall on their own. 
 
 






Figure A.10: Schematic of the 1cm circular die. 
 
 
Figure A.11: Picture of the square die assembly placed in the graphite collar and sleeves, 






Figure A.12: Picture of the furnace interior. The die assembly is placed on the pedestal. 
 
 
4. Sample Pre-press; Hydraulic Press Operation 
4.1. A common issue with hot pressing is the graphite die breaking during the press. 
Pressures greater than 50MPa should not be used as this is greater than the 
compressive strength of graphite. For the 2cm circular punch this is 2Ton, and for 
the 1” square this is 3.9Ton. The mechanical pressure dial is more accurate than 
the digital output, and should be worked off of at high loads. To avoid the die 
breaking during operation at high temperature, it should be pre-pressed at room 
temperature with the door open to a load slightly higher (0.1Ton) than the planned 
operating load. If the die remains intact at room temperature, it should be fine at 
high temperature. 
4.2. While pressing, it is possible that the graphite die will break. This is indicated by 
an audible crack or crunching noise, and an unexpected jump in the force. If this 




fast as possible to prevent major damage. DO NOT leave the room while 
pressing. DO NOT listen to music or any other auditory distractions that may 
cause you to miss a break event. REMAIN within easy reach of the OFF button 
AT ALL TIMES while pressing. KEEP YOUR EARS OPEN! 
4.3. Press the HYDRUALIC PUMP – ON button. You will hear the pump start up. 
4.4. Switch SENSOR  MODE to FORCE 
4.5. On the DCP, switch the controller to channel 2 by pressing the CH button. 
Channel 2 will read load (in tons) and channel 1 displacement in inches. Press 
SYNC to turn off the red light on the SYNC button. Press MAN (red light will 
light up) to enter manual operating mode. TM will be the percentage power the 
pump will press at, and PV the measured power in tons. It’s usually about 0.3Ton 
lower than the actual pressure as read by the mechanical meter. 
4.6. Increase the TM to 13.0% using the ▲▼◄ keys. This is necessary to “wake up” 
the pump to output sufficient power to move the ram. Wait about 15s, and then 
decrease TM to 10.0%. 
4.7. Press MANUAL CONTROL – TOP RAM – DOWN to move the top ram down 
until it is in contact with the punch. The bottom ram can also be moved, but this is 
usually not necessary. Move the ram down until the gap between the graphite half 
and the steel half of the ram closes. Lower it further until PV reads ~0.9. Don’t 
worry about breaking the die, at 10% power there will not be enough force to 
break it. 
4.8. Once contact is made, press AUTO PRESS – ON. This will make the press 
compress the die at the %power given set on TM. DO NOT start auto-pressing 
until AFTER you have made contact with the die. DO NOT start auto-pressing at 
a TM set above 12.0. 
4.9. Slowly increase the TM (%power) until the desired load is reached. Wait for the 
force to stabilize before further increasing TM. 1% increments are fine until you 
are within 0.5Ton of the desired pressure. 2Tons is ~14% power, and 3.9 ~24.5% 
power. Keep your ears open and remain within reach of the HYDRAULIC PUMP 
– OFF button in case the die breaks. 
4.10. If the die remains intact for 30s at the desired power, it should be fine. Lower TM 
to zero, and press AUTO PRESS – OFF and HYDRAULIC PUMP – OFF to turn 
the press off. Leave the rams in contact with die to prevent misalignment. 
4.11. During heating, due to thermal expansion you may need to relieve pressure on the 
die. To do so, press HYDRAULIC PUMP – ON, and briefly press MANUAL 







Figure A.13: Hydraulic press controls. 
 
 
5. Furnace operation – pre-purge 
5.1. The furnace operates under vacuum purged with Argon or Nitrogen. DO NOT 
run the furnace with an oxidizing atmosphere, if the vacuum is leaking, or if the 
chamber has not been properly purged. When properly sealed the chamber 
should be able to maintain vacuum for months without significant leakage. 
5.2. Wearing gloves, use vacuum grease to slick the O-ring and outer door. Start 
from the bottom and continue up the sides until your fingers meet at the center 





5.3. Close the door and tighten the C-clamps with a crescent wrench in an X pattern. 
Cycle from the bottom right → top right → bottom left → top left and then 
repeat, turning the wrench a quarter to an eighth turn at each position. 
5.4. Press the ROUGH PUMP – ON button. The rough pump should start and the 
FORELINE VALVE indicator light up. The bottom vacuum gauge meter 
(foreline pressure) will start dropping. Wait for it to get below 2.0 · 10-2. 
5.5. Switch the AUTO VACUUM MODE from STBY to ROUGH. After a few 
seconds the ROUGH VALVE indicator with light up. The rough pump is now 
pumping down the main chamber. 
5.6. Monitor the chamber pressure with the chamber vacuum meter (Figure N). 
After ~5-10 min it should go from 0 (1atm) to ~30mmHg. Once it has fallen, 
switch the AUTO VACUUM MODE from ROUGH to STBY. After a few 
seconds, you will hear the valves switch and the ROUGH VALVE indicator 
will go dark. The rough pump is now isolated from the main chamber. 
5.7. Wait ~5 min and monitor the chamber vacuum meter. If it rises there is a leak in 
the system, probably the top of the O-ring. Turn off the rough pump and vent 
the main chamber, fix the leak, and start the purge procedure over. 
5.8. Open the two gas flow valves (Figure N). Order doesn’t matter. This will flow 
argon/nitrogen into the main chamber. 
5.9. Monitor the chamber vacuum meter. Once the pressure rises from 30 to 
~15mmHg, close the gas flow valves. 
5.10. Repeat steps 5.5 to 5.9 in order two more times for a total of three Argon 
purges. You do not need to wait 5min each time however. 
5.11. Switch the AUTO VACUUM MODE from STBY to ROUGH and pump the 
main chamber down to >30mmHg a final time. Switch AUTO VACUUM 
MODE back to STBY once down to 30. 
5.12. Briefly open the two gas flow valves for ~1s to ensure that any atmosphere in 
the system is majority inert gas 
5.13. Press the ROUGH PUMP – OFF button to turn the rough pump off. 
5.14. Wait 15min and monitor the main chamber pressure for leaks. If it remains 
>30mmHg, the furnace is ready to run. 
 
6. Programming 
6.1. A more comprehensive guide to programming the furnace can be found in the 
manual on the lab bench to the right. An easily modifiable program should be 
stored in the TEMP CONTROL under program 2. All programs will need to 
switch from channel 1 to channel 2 at 1200oC to switch from thermocouple 
control to pyrometer control.  
6.2. On the TEMP CONTROL panel, press PROG, then 2, and then ENTER to 
select program 2. 
6.3. Press VRFY to examine the program. Use the ▲▼◄ keys to scroll through 
each segment. To edit, press Enter, use the ▲▼ keys to select the segment to be 
edited, enter in the desired parameter, press ENTER, then ◄ 2 times to move 
back to scrolling through segments. 




6.5. Do not go to temperatures above 2000oC. Current max operating temperature is 
1850oC 
6.6. Do not use heating rates above 10oC/min 
6.7. If for some reason you need to stop the program, pressing RESET and ◄ at the 
same time will cancel the program. The program can be paused by pressing 
HOLD. 
 
7. Running the Furnace 
7.1. Flip the circuit breaker on the back of the element power transformer box to 
ON. 
7.2. Press RUN on TEMP CONTROL to start running the program 
7.3. During operation you will need to remain in the room to monitor the furnace in 
case of equipment failure. While brief bathroom breaks are fine, DO NOT leave 
the furnace unattended for significant lengths of time, or while the hydraulic 
press is running. The main difficulties that might be encountered are a leak in 
the vacuum system or heating element failure.  
7.4. Check the main chamber vacuum gauge every 15min. The pressure will slowly 
start to rise at temperatures above 1000oC due to the ideal gas law (PV = nRT), 
but should not get below 20mmHg. You may want to quickly turn on the rough 
pump to decrease the chamber pressure, but make sure to fully evacuate the 
foreline as low as possible, and only pump down the main chamber for <1min. 
Do not run the furnace with the rough pump on and pumping down the main 
chamber. 
7.5. Monitor the six voltage and current meters. These correspond to the voltage and 
currents across the three heating elements. They should all be at about the same 
values for voltage and current, and should only move slowly. 
7.6. If a voltage/current meter is oscillating up and down, this is indicative of 
electrical arcing between an element. Turn off the furnace and when cool 
inspect for evidence of arcing. 
7.7. If a current meter suddenly drops to zero, this means that the heating element 
has broken. Immediately shut down the furnace and when cool replace the 
broken element. 
 
8. Thermocouple to Pyrometer Control Switch 
8.1. At 1200oC it is necessary to switch control to the pyrometer and remove the 
thermocouple to avoid damage.  
8.2. Switch the controller to channel 2 by pressing CH. Press RUN to start running 
the channel 2 segment of your program. Immediately press HOLD to pause the 
program 
8.3. Press MAN to enter manual mode. Set TM (the % power to the heating 
elements) to ~65% 
8.4. Withdraw the thermocouple by switching the SENSOR MODE knob from TC 
to PYR. The furnace should now run off the pyrometer. 




8.6. Press run to resume the program. You may want to wait for a few minutes 
before doing so to let the actual temperature catch up with the setpoint 
 
9. High Temperature Press 
9.1. The crosshead should still be in contact with the die, and thanks to thermal 
expansion there will probably be a slight pressure on the system. Monitor the 
applied load and listen carefully for any sudden jumps and press the 
HYDRAULIC PUMP - OFF button if the die breaks. 
9.2. Assuming the ram is still in contact, press HYDRAULIC PUMP – ON and then 
AUTO PRESS – ON. Increase TM to 11 and wait for the pump to kick in. You 
will see PV increase, wait for it to settle (about a minute) 
9.3. Slowly increase TM in the same manner as in section 4 until the desired load is 
reached on the mechanical force dial. 
9.4. Monitor the load and keep your ears open. Remain within easy reach of the 
HYDRAULIC PUMP – OFF button at all times. The ram displacement can be 
monitored by pressing CH to switch to channel 1, PV in channel 1 is the 
displacement in inches. 
9.5. When the press is complete, reduce TM to zero. Press AUTO PRESS – OFF 
and then HYDRAULIC PUMP - OFF 
 
10. Cooldown 
10.1. The furnace can be cooled down by programming a cooling ramp, or by turning 
the power to the heating elements off. In the former case, it is advisable to end 
the program around 1200oC as below this temperature the cooling rate will be 
naturally slow. For the former, you will want to manually lower the power to 
the heating elements to avoid any thermal shock issues. 
10.2. Before the program finishes (in the last minute) press HOLD on the temperature 
controller 
10.3. Press MAN. This will switch the furnace to manual control and change TM to 
power output. 
10.4. Slowly lower TM with the arrow key in 1% increments. You can go faster 
below 80% power, and once at 50% power can lower it in 10% increments 
10.5. When the power is at zero, press RESET and ◄ at the same time to end the 
program. Press MAN to exit manual mode 
10.6. Turn off the back breaker on the heating element power supply (Figure N). 
10.7. When the temperature falls below 1200oC, switch the SENSOR MODE knob 
from PYR to TC and press CH to change from channel 2 to channel 1. 
 
11. Shutdown 
11.1. You can leave the room at temperatures below 1000oC. Turn the CONTROL 
POWER switch OFF and the control box circuit breaker off and close the 
compressed air hose to the control box and the compressed air line, but be sure 




11.2. Once at room temperature (typically 3 – 4hrs after the furnace reaches 1000oC) 
check the temperature. If below 100oC, close the water valves. Turn off the 
control unit and the circuit breaker. When you leave everything should be off. 
 
 
12. Sample Removal 
12.1. Note – compressed air valve must be on to operate the vacuum system 
12.2. Open the chamber according to the procedure in section 2 
12.3. Remove the die. Store the collars inside the main chamber. Pump down to 
vacuum using the procedure in section 5. There is no need to purge with Argon. 
12.4. When not in use, the chamber should be under vacuum, all water compressed air 
valves off, and all power breakers off. 
12.5. To remove the sample from the die, attempt to push out the punch with your 
hand on the circular die. If not possible, suspend over the C clamp in the heat 
treatment lab and force it out with a hammer and blunt ended screwdriver.  
 
13. Maintenance: 
 Elatec no longer exists so corporate maintenance is not possible. However, 
simple maintenance can be done, carefully. 
 
Heating Elements: 
 If the element itself breaks, replacements can be machined by AVS. Price was 
~$3300 for three new elements. New screw holes may need to be tapped, and 
can be done using a drill press to bore out the hole and tapped by hand. Heating 
element installation and bake out procedure is in the binder to the right of the 
furnace. 
 The set screws often break; new ones can be fabricated from stock graphite 
cheaply by the physics machine shop here at Purdue. 
 The main limitation on the max temperature is the insulation; the current 
graphite felt insulation is degraded. It might be possible to replace it, but that 
would probably be rather expensive and time consuming. 
 
Dies: 
 Circular dies can be easily machined with a piece of stock graphite and a lathe. 
New punches can be made from graphite bars ordered from McMaster Carr. 
Note that sharp corners should be rounded using 320 grit SiC paper to prevent 
stress concentration. For the punches, only the top corner on the top punch 
needs to be rounded, this is always where the die will fail. 
 
DMM Reset: 
The DMM’s store operating parameters in volatile memory backed up by an internal 
batter. The temp control DMM battery can be replaced, but the Ram control battery 
cannot. To manually re – enter the parameters:  




 Use the ▲▼ keys to scroll through the different parameters. Press enter to input 
new values, or enter again if multiple values are on the screen. After entering 
values, press ◄ to return to scrolling through parameters 
 Ensure that the following values are entered. Once complete press DISP to return 
to the main menu. 
 
Table A.1: Parameters for the Ram DCP, values that need to be changed in bold. 
Parameter SP TM PV 
TIMEUNIT 0   
ADV-RATE 60   
RECODER 1   
FILTER 1 1  
EVT-CONF 0 0 0 
EVT-HYS 1 1  
RAMP-PAR 0.00 0.00  
SP-BIAS 0.00 0.00  
PV-BIAS1 1.00 0.00  
PV-BIAS2 1.00 0.00  
PV-START 0 0  
RANGE-1 2 1000 0 
RANGE-2 2 5000 0 
ROOT-CAL 0 0.0 0.0 
CTL-ACTN 0   
PID-TYPE 0   
INIT-VAL 0   
RDY-OUT 0.0 0.0  




Appendix B Centorr Testorr Standard Operating Procedure 
1. Important notes: 
1.1. Ensure that the water flow is high enough before heating up the furnace. The 
building water supply can become stressed if several high water consumption 
machines in the building (induction furnaces, AFL, etc..) are running at the 
same time. The water filters also become clogged quickly, reducing the water 
flow. 
1.2. DO NOT power the heating elements unless you are absolutely certain the 
furnace atmosphere is properly purged and gettered Argon or Nitrogen with 
below 10-6ppm O2. 
1.3. DO NOT contaminate the furnace interior, especially the hot zone. Handle 
everything wearing gloves, and clean any objects put into the furnace of grease 
or contaminants using ethanol/acetone similar to when working with an electron 
microscope. 
1.4. DO NOT put anything in the furnace that will melt, vaporize, or degas at 
operating temperatures. 
1.5. Make sure the main thermocouple is properly marked and positioned so you 
know how far back to withdraw it when pulling it out, and how far to push it in 
when re-inserting during cooldown. 
 
 





Figure B.2: Rear view of the Control Box and Gettering furnaces showing the inert gas 
tube system and the water drainage flow gauge. 
 
2. Initial Setup 
2.1.  When first entering the room, the main chamber should be filled with Ar/N2 
and all electronic, water, and gas systems turned off and closed. 
2.2. Open and check that the Ar/N2 gas tank has at least 500Psi pressure. 
2.3. Check the Ar/N2 gas lines on the back of the gettering furnace. If using Ar, the 
valve from the Ar tank should be open (parallel to the gas line) and the valve 
from the N2 tank closed (perpendicular to the line). If using N2, the Ar valve 
should be closed and the N2 valve open. 
2.4. Check the main chamber pressure gauge to make sure that main chamber is at 
atmospheric pressure. If underpressureized, fill with Ar/N2 according to section 
4. 
2.5. Undo the eight door clips and slowly pull the door out straight towards you. 
Swing it out to your left once fully extended. 
2.6. Check the thermocouple positions. The top thermocouple reads the exterior 
shroud temperature, and the bottom the sample temperature. They should be 
positioned roughly like in Figure B.3. 
2.7. Check that there is no damage in the hot zone. The heating elements should be 




insulation should not be cracking or touching the elements. There should be no 
evidence of anything melting, or any discolorations from oxidation in the hot 
zone. If you see any issues DO NOT try to fix them on your own, contact an 
experienced user for help.  
2.8. Make sure that the metal parts of the top and bottom rams are at least 2” away 
from the copper exterior of the hot zone. If too close, they can melt or deform! 
2.9. Place your sample in the center of the hot zone, on top of part of the graphite 
ram. Insert segments of graphite rod underneath the bottom ram if necessary to 
raise it (Note: do NOT do this when pressing).  
2.10. Check the pyrometer alignment by looking through the pyrometer window and 
making sure that it is focused on your sample, not the furnace interior. 
 
 
Figure B.3: Interior of the main chamber. In this image, the left hand side of the heating 





3. Sample Pre-Press 
3.1. This step is only necessary if you are hot pressing your sample inside a graphite 
die. Otherwise, skip to section 4. 
3.2. The sample should be placed in a graphite die as shown in Figure B.4. The 
powder should be roughly in the center of the hot zone, near the thermocouple 
and pyrometer. 
3.3. Turn on the cooling water for the hydraulic press. It is the valve on the right 
shown in Figure B.5. 
3.4. Log in to the ECN computer to the right of the main chamber and start Station 
Manager. 
3.5. Open Basic.cfg 
3.6. Check the Exclusive Control box, then press the Reset, and then Reset/Override 
buttons. 
3.7. Next to “The Pump” press the “Power Low” (two bars) button to start the pump. 
Press the “Power High” (three bars) button when pressing. 
3.8. On the “Manual Command” window, make sure that the Control Mode 
dropdown menu is on “Displacement” and then check the “Enable Manual 
Command” box. 
3.9. You can now control the position of the bottom ram by typing values into the 
Manual Command box and hitting Enter. 84mm is completely retracted, and -
84mm is fully extended.  
3.10. Raise the bottom ram by entering successively smaller changes to the ram 
position, until the top of the punch is in contact with the top ram resulting in a 
small force of ~0.2kN visible on the Scope window. D NOT attempt to raise the 
bottom ram too far as it will try to move it to whatever position you enter 
regardless of Force, and could potentially break the die. 
3.11. Use the dropdown menu to switch from Displacement to Force in the “Control 
Mode” box. 
3.12. Slowly incrementally increase the force on the die to maximum (14.25kN, 
14.0kN is 50MPa). AT ALL TIMES be prepared to press the “Power Off” (one 
bar) button on the Station Manager window if you hear the die break. Use the 
keyboard to increase the load, and hover the mouse cursor over the off button 
with a finger on it at all times. The die breaking will be accompanied by an 
audible crack or crunching noise and a sudden, unexpected jolt in the force and 
distance. 
3.13. If the die remains intact at 14.25kN for at least 30s, it will be fine. Reduce the 
load to 1kN, and select “Power Low” (two bars). This is necessary to keep the 
rams in contact and prevent the die from misaligning with the rams. Note that if 
the press is not kept active, the bottom ram will drift in and out as vacuum is 






Figure B.4: Schematic of the graphite die setup. 
 
 




4. Atmosphere Purge 
4.1. Grease the door’s O-ring using vacuum grease. Slowly close the furnace door, 
and lock all eight door clips. 
4.2. Press the CONTROL POWER – ON button to turn on the control box. A very 
loud alarm will activate. Press the ALARM SILENCE button to quiet it. 
4.3. Close the bubbler valve on top of the furnace next to the chamber pressure 
gauge. If left open when the main chamber is under vacuum it will pull on the 
mineral oil, and eventually leak air into the chamber 
4.4. Turn on the rough pump by pressing the MECH PUMP – ON button. 
4.5. Turn on the high vacuum gauge on top of the gettering furnaces 
4.6. Turn the ROUGH VALVE switch from CLOSE to OPEN, 
4.7. The main chamber will now pump down. Properly sealed it should reach below 
100mTorr. 
4.8. Once at vacuum, turn the ROUGH VALVE switch from OPEN to CLOSE. 
4.9. Turn the BACKFILL VALVE from CLOSE to OPEN. 
4.10. If using nitrogen, open the main gas flow valve on the nitrogen gettering 
furnace (the bottom one) to ~20. 
4.11. If using argon, open the main gas flow valves on both gettering furnaces to ~20. 
4.12. Wait until the chamber pressure has reached 0psi as indicated by the pressure 
gauge on top of the main chamber. 
4.13. Repeat steps 4.6 through 4.12 two more times to flush the main chamber a total 
of three times 
4.14. Turn off the rough pump by pressing the MECH PUMP – OFF button 
4.15. Open the bubbler valve on top of the furnace to let overpressure leak out 
through the mineral oil bubbler. 
4.16. Reduce the main gas flow valve(s) to ~2 (as low as they can get without being 
off) and establish a slow bubble rate (~5/s) through the mineral oil bubbler. 
 
5. Oxygen Gettering System Setup 
5.1. Turn on the nitrogen getterer (bottom one) and the argon getterer if argon is 
being used. If the alarm goes off unscrew (CCW) the alarm set screw until it is 
silent. 
5.2. Open the analyzer flow valve on the right to 1. When using Ar this may lower 
the main gas flow meter on the nitrogen gettering furnace. Don’t worry; Ar can 
reach the chamber through the main gas flow meter or the analyzer. 
5.3. Turn the indicator switch on the nitrogen gettering furnace to  TEMP 
(temperature) and wait for the meter to reach 0oC (operating temperature) on the 
furnace you will be using. This will take ~10 – 15 minutes. 
5.4. If using nitrogen, switch the gas selector valve from RAW to PURE 
5.5. Turn the indicator switch to O2. After a short time, the O2 concentration should 
drop below 10-7ppm, with the needle at the far right. Wait 15min for the furnace 
to purge while maintaining a steady bubbler rate of ~5bubbles per second. 
5.6. Set the alarm to go off at concentrations >10-5ppm O2. To do this, move the 




10-5, and screw in the alarm set screw until the alarm sounds. Afterward, move 
the meter exercise back to RUN. 
 
 
Figure B.6: Picture of the gettering furnaces during operation with argon. Note that the 
temperature meter on the top is at zero, while the oxygen meter on the bottom is reading 
to the far right. 
 
6. Programming 
6.1. Always check the program before starting the furnace.  There are 18 segments 
that may be programmed onto the Temperature DCP.  At present, segments 1 
through 10 are used for heating, and 11 through 14 for cooling. 




6.3. Press “FUNC” to get "SP PROG" and ▲▼ to enable it. FUNC will now cycle 
through the program elements. 
6.4. Press “FUNC” to go to “START SEG.” 
6.5. Use  ▲▼ to change to the number of your first segment of your cycle. 
6.6. Press “FUNC” to get “END SEG.” 
6.7. Use ▲▼ to set the number of the last segment of your cycle. 
6.8. Press “FUNC” to get “RECYCLES.” 
6.9. Use ▲▼ to set the number of times you would like to repeat your cycle 
(typically 0). 
6.10. Press “FUNC” to scroll through the segments. Odd number segments are ramp 
times (in min), even number segments are temperature and soak times (in oC 
and min). For example, setting segment 1 to 5min and 2 to 100oC and 10min 
will make the furnace change the setpoint from its current value to 100oC in 5 
min, and remain there for 10min. Setpoints remain active after programs end, so 
if the program ran only included segments 1 and 2, the setpoint would remain at 
100oC after the program finished running. 
6.11. Set the active segments to your desired temperature profile. High heating rates 
of ~50oCmin are possible up to ~1500oC. Above that, the max heating rate is 
close to 20oC/min. A brief ~5min pause at 1550oC is needed to give you time to 
remove or insert the thermocouple at this temperature. 
6.12. Once you are done with programming the cycle, return to the main display 
(LWR DISP). 
6.13. Check your program to ensure it is correct before running. 
6.14. To cancel/reset a program while running press “SET UP” 2 times and then 
“FUNC” to get “SP PROG” and use ▲▼ to disable it. Press “LWR DISP” to 
return to main menu: The controller will stop running the previous program and 
attempt to maintain the temperature at the last setpoint. A new program can now 






Figure B.7: The control panel during operation. The overtemperature should not exceed 
500oC, and the heating element currents and voltages should be steady. 
 
7. Running the Furnace 
7.1. Turn on the cooling water flow. Inlet pressure should be at least 30psi/gal. Let 
the cooling water run for ~5min to work any air pockets out of the system 
before heating. 
7.2. Double check water pressure, argon/nitrogen tank levels, gettering furnace setup, 
bubbler rate, and the temperature controller setup before starting the furnace. 
7.3. Press the FURNACE POWER – ON button. 
7.4. Press RUN-HOLD on the temperature controller. You will hear the power 
supply start, and the temperature will rise. Pressing this button again will pause 
the program. 
7.5. Monitor the bubbler. The bubbling rate will increase, due to ideal gas expansion. 
Try to keep it down with the main flow valve(s) on the getterer(s), but never 
completely close the main flow valve(s). 
7.6. At 1550oC, the bottom thermocouple must be pulled out of the main chamber to 
avoid damage at higher temperatures. First, slightly increase the main gas flow 
valves to increase the overpressure inside the furnace. Loosen the outer nut on 
the thermocouple (the inner one should not be loosened, hold it steady with a 
second wrench). 
7.7. Pull the thermocouple straight back until it has reached the marked retracted 
position. 
7.8. Tighten the outer nut again. 
7.9. If pressure is being used, increase the press load at the desired temperature 





8. Cooling the Furnace 
8.1. Run the cooldown program, typically segments 11 – 14.  
8.2. Keep an eye on the bubbler, due to thermal contraction it may be necessary to 
increase the gas flow to keep the furnace interior at an overpressure. 
8.3. At 1550oC, re-insert the thermocouple using the instructions in section 7, but 
pushing the thermocouple in instead of withdrawing it. 
8.4. Once the power supplied to the elements is around zero, press the FURNACE 
POWER – OFF button. 
8.5. At 400oC where there is no light coming from the furnace interior, switch the 
gas flow valve back to RAW (if using nitrogen) and turn off the power to the 
gettering furnace(s).  
8.6. When the temperature is below 100oC and the gettering furnace temperatures 
below -200oC (briefly turn them on to check), close the main flow valve(s) the 
backfill valve, and the bubbler valve.  
8.7. Open the main chamber door. You may want to leave it open for a few minutes 
to cool further. Carefully remove your sample (it may be hot) and inspect the 
hot zone for any damage. 
8.8. If everything is OK, close the chamber, and backfill it with inert gas according 
to the procedure in Section 2. You only need to evacuate it once. 
8.9. Turn off the furnace power, cooling water, mechanical pump, and close the gas 
cylinders. The furnace should be completely powered off, and filled with 1atm 






Appendix C Flash Sintering Furnace Standard Operating Procedure 
 
1. Overview of furnace. 
1.1. The flash sintering furnace is an alumina tube furnace modified to apply a 
voltage across a cylindrical sample at high temperatures. And overview of the 
furnace design and setup is shown in Figures C.1 and C.2. Important things to 
note before operating include: 
 The maximum operating temperature is 1200oC. 
 The nickel rods may be used in air or under inert atmosphere to a 
maximum temperature of 1000oC. 
 The graphite rods can only be used under an inert argon or nitrogen 
atmosphere 
 Running at high amperages can short out fuses in the electrical equipment 










Figure C.2: Picture of the flash sintering furnace setup, including the outgas system. 
 
2. Rod attachment procedure. 
2.1. Samples should be compacted into cylindrical pellets 0.5” in diameter and 
>5mm thick. Decide ahead of time which electrode and atmosphere to use. Also 
be wary of any potential reactions between the sample, electrodes, and the 
atmosphere. Make sure that the electrode faces are clean of any potential 
contaminants. 
2.2. The electrodes will rest on the mullite spacers with the sample between them, as 
shown in Figure C.3. The end caps will lightly compress the sample to prevent 
from falling out during operation. To insert the sample, you will need to attach 
it to the end of one electrode, insert it into the furnace against the opposite 
electrode, and lock it in place. To start, we will need to properly position the 
opposite electrode and end caps. 
2.3. Place the mullite spacers on the electrodes as shown in Figure C.4. They should 
be well away from the center of the hot zone, but not so far back that the 
electrodes can be moved. 
2.4. Insert both electrodes into the furnace, using the push rod to keep the front 
spacer properly positioned. Push them together until they meet. 
2.5. While keeping the other electrode in place, attach the end cap onto the end of 
the electrode as shown in Figure C.5 and screw it into position. You should be 
able to feel compression by pushing on the other electrode. 
2.6. Slip the second end cap in place over the electrode, such that it is just resting 




the second end cap, and pull out the electrode and mullite spacers. At this point, 
one electrode should be inside the furnace with the end cap on, and the other 
outside. The sample will be attached to the electrode you just pulled out. 
2.7. The best way to attach the sample to the electrode is with a slurry of the sample 
powder and deionized water. Stand the electrode up in a c- clamp as shown in 
Figure C.6 and use a pipette to drop a few drops of the slurry on top. Place the 
sample on the slurry, and firmly press down to attach it. 
2.8. Remove the electrode from the c-clamp and upend it over an open hand to make 
sure the sample is attached. 
2.9. Place the mullite shackled around the electrode and position them properly. 
Insert the electrode into the furnace, carefully avoiding bumping the sample 
against the furnace walls. Before you reach the other electrode, slip the end cap 
onto the end of the electrode. 
2.10. Press the end cap up to the O-ring. You should feel a slight pressure from the 
springs. Do not let go or pull the end cap back, the sample might fall out. Screw 
the end cap into place. The sample should now be positioned between the two 
electrodes in the center of the furnace. You can check the system resistance to 
verify this.  
 
 
Figure C.3: Picture of the electrode and sample assembly as it looks inside the furnace 
during operation. The sample is suspended between the two electrodes, which are 







Figure C.4: How to hold the electrode and to use the push rod to position the spacer while 
inserting the electrode into the tube furnace. 
 
 
Figure C.5: The end cap assembly; the copper wiring wraps around the electrode 
providing electrical contact. The brass cap is screwed on to provide a tight seal around 






Figure C.6: An electrode placed in the c-clamp with the sample attached on top. 
 
3.  Gas purge procedure. 
 To operate under nitrogen or argon, open the gas cylinder and gas flow valve 
(Figure C.7) so that a slow, steady stream of bubbles (~5/s) runs through the 
bubbler. Also turn on the ventilation system using the switch next to the light 
switch. Let the furnace purge for ~30min before going to high temperatures; 
during this time you should set the temperature to 150oC to evaporate any water 













4. Temperature operation 
 The temperature control does not have programmed heating ramps or soak times. 
To set the temperature setpoint, use the ▼▲ keys to set the bottom number to 
the desired value, and then press the enter key so that it stops flashing. The top 
number is the furnace temperature as measured by the thermocouple. 
 
5. Electrode operation 
 The external power supplies can be attached to the electrodes using the leads 
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